Laboratory and computational mechanics-based framework for the analysis and design of cold recycled pavement layers by Preti, Francesco
University of New Hampshire 
University of New Hampshire Scholars' Repository 
Doctoral Dissertations Student Scholarship 
Fall 2021 
Laboratory and computational mechanics-based framework for 
the analysis and design of cold recycled pavement layers 
Francesco Preti 
University of New Hampshire, Durham 
Follow this and additional works at: https://scholars.unh.edu/dissertation 
Recommended Citation 
Preti, Francesco, "Laboratory and computational mechanics-based framework for the analysis and design 
of cold recycled pavement layers" (2021). Doctoral Dissertations. 2630. 
https://scholars.unh.edu/dissertation/2630 
This Dissertation is brought to you for free and open access by the Student Scholarship at University of New 
Hampshire Scholars' Repository. It has been accepted for inclusion in Doctoral Dissertations by an authorized 
administrator of University of New Hampshire Scholars' Repository. For more information, please contact 
Scholarly.Communication@unh.edu. 
Laboratory and computational mechanics-based framework for the 









Master’s Degree in Civil Engineering, University of Parma, 2017 











Submitted to the University of New Hampshire 
in Partial Fulfillment of 
the Requirements for the Degree of 
 
 

















This dissertation was examined and approved in partial fulfillment of the requirements for the 




Dr. Eshan V. Dave (Committee Chair), Associate Professor  
Department of Civil and Environmental Engineering  
University of New Hampshire. 
 
Dr. Jo E. Sias, Professor  
Department of Civil and Environmental Engineering  
University of New Hampshire. 
 
Dr. Majid Ghayoomi, Associate Professor 
Department of Civil and Environmental Engineering  
University of New Hampshire. 
 
Dr. Gabriele Tebaldi, Associate Professor  
Department of Civil Engineering and Architecture 
University of Parma 
 
Dr. Elena Romeo, Assistant Professor  
Department of Civil Engineering and Architecture 
















There are many who helped me along the way on this journey. I want to take a moment to thank 
them. 
First, I wish to thank my dissertation committee. Their guidance was precious to me in 
developing this research study and completing my PhD program.  
Especially I would like to thank my advisors Dr. Dave and Dr. Tebaldi and my co-advisors Dr. 
Sias and Dr. Romeo for their patient help and support throughout the past four years. 
I want to thank the Department of Engineering and Architecture at the University of Parma for 
providing me with a scholarship during my PhD program and allowing me to engage in the 
Cotutelle Doctoral Program with the University of New Hampshire. I also want to thank the 
Department of Civil and Environmental Engineering at the University of New Hampshire for 
hiring me as a Research and Teaching Assistant and the UNH Grad School for conferring me 
the STAF award for summer 2021.  
I also want to thank all of my colleagues both from University of New Hampshire and 
University of Parma: Bia, Anto, Stefano, Miranda, Pietro, Runi, Katie, Chewy, Danial, Anh, 
Farah, Zheng, Wei, Yaning, Rasool, Masoud and Mirkat.  
In addition, I want to thank my parents Antonella and Daniele, my brother Luca, my girlfriend 
Jenny and my best friend Lorenzo: their love and understanding helped me though the difficult 





Cold recycling technologies are becoming increasingly popular for rehabilitation of asphalt 
pavements. These technologies allow construction of new pavement layers with minimal 
addition of heat and minimal need for transporting the material. In fact, Cold Recycled 
Mixtures (CRM) can be prepared in mobile plants or directly in place while using up to 100% 
of the milled material from an existing asphalt pavement (Reclaimed Asphalt Pavement or 
RAP) and without the need of heating up the aggregates. The products obtained through the 
use of cold recycling technologies are also commonly called Bituminous Stabilized Materials 
(BSM). BSM are considered to be partially-bonded materials since they have mechanical 
characteristics which are in between fully bonded materials, such as Hot-Mix-Asphalt (HMA) 
or cemented materials, and unbound materials, such as crushed aggregates. Their mechanical 
response is simultaneously dependent on testing temperature and three-dimensional stress state 
(specifically confining pressure) and the main concern related to this class of materials is the 
accumulation of permanent deformation under traffic loading application. Nonetheless, BSM 
are usually assumed to give a linear elastic response under traffic loading applications in 
majority of current pavement design and analysis methods.  
In this research study, Triaxial Shear Strength (TSS) and Triaxial Resilient Modulus (TMR) 
tests were performed subjecting the material to different lateral confining pressures and 
temperature conditions. This approach characterized material response under a three-
dimensional stress state and under a wide range of realistic temperature scenarios. Based on 
these results, a constitutive model for BSM was adopted. Laboratory reaction force-
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displacement curves from TSS tests were matched with three-dimensional finite element 
elastic-perfectly plastic model simulations to extract local elastic and yield strength constitutive 
properties for the material. The calibrated and validated local properties in this stage of research 
were subsequently used as input parameters in multilayer elastic-perfectly plastic pavement 
models for pavement structural response evaluation. Different structural solutions with and 
without BSM as base layer were initially simulated in order to assess the ability of BSM to 
resist to the accumulation of permanent deformation under traffic loading applications, 
especially in comparison to traditional granular base layers. Afterwards, simulations were 
conducted with different pavement layer temperatures and elastic-perfectly plastic analyses 
results were compared to the traditional layered elastic solution. Number of allowable load 
repetitions before fatigue and rutting failure were calculated respectively on the basis of 
horizontal strains at the bottom of HMA and vertical strains on top of subgrade obtained from 
the model simulation results. The multilayer pavement model was then implemented with the 
ability to consider a realistic temperature distribution with depth and consequently use 
temperature dependent material properties. As last step, impact of BSM curing stage on the 
overall plasticity response of the pavement structure was assessed.  
The research study indicated the importance of considering plasticity-based models for 
partially-bonded and unbounded materials in the design and analysis of pavement structures. 
In addition, it was shown that the effect of temperature on BSM mechanical response cannot 
be neglected for an accurate pavement evaluation. Overall, this dissertation presents a 
framework for the analysis and design of BSM based on laboratory tests and computational 
vi 
 
mechanics analysis, which could be adopted for future studies. In addition, this work gives a 
contribution for the improvement of current methods for pavement design and analysis 
including considerations on plasticity, indirect confining pressure effects and realistic 
temperature distribution with depth.  
vii 
 
Table of Contents 
1 Introduction ........................................................................................................................ 1 
1.1 Background ................................................................................................................ 1 
1.2 Motivations ................................................................................................................ 2 
1.3 Objectives .................................................................................................................. 3 
1.4 Overall research approach and organization of the dissertation ................................ 4 
2 Overview of asphalt pavement cold recycling and bituminous stabilized materials ......... 8 
2.1 Cold recycling technologies ....................................................................................... 8 
2.1.1 Cold in-place recycling (CIR) ................................................................................ 9 
2.1.2 Cold central plant recycling (CCPR) ................................................................... 12 
2.1.3 Full-depth reclamation (FDR).............................................................................. 13 
2.2 Bituminous stabilized materials ............................................................................... 14 
2.3 Cold recycled mixtures components ........................................................................ 15 
2.3.1 Reclaimed asphalt pavement................................................................................ 16 
2.3.2 Stabilizing agents and active fillers ..................................................................... 17 
2.3.2.1 Asphalt stabilizing agents ............................................................................ 17 
2.3.2.2 Active fillers................................................................................................. 19 
2.4 BSMs mix design procedure .................................................................................... 20 
2.5 Curing process in cold recycled mixtures ................................................................ 21 
3 Materials and methods ..................................................................................................... 23 
3.1 Materials .................................................................................................................. 23 
viii 
 
3.2 Mixing and compaction equipment and specimen preparation. .............................. 24 
3.3 Indirect Tensile Strength (ITS) ................................................................................ 26 
3.4 Tests in triaxial configuration .................................................................................. 27 
3.4.1 Triaxial shear strength (TSS) test ........................................................................ 27 
3.4.2 Triaxial resilient modulus (TMR) test ................................................................. 30 
3.5 Preliminary results ................................................................................................... 31 
3.6 Material model ......................................................................................................... 34 
3.6.1 Elastic response .................................................................................................... 35 
3.6.2 Yield condition..................................................................................................... 35 
3.6.3 Flow rule .............................................................................................................. 37 
3.6.4 General assumptions and limitations ................................................................... 38 
4 Influence of temperature on global and local elastic and strength properties of BSM .... 40 
4.1 Introduction .............................................................................................................. 40 
4.2 Material and Methods .............................................................................................. 42 
4.2.1 Mix Design and specimens preparation ............................................................... 42 
4.2.2 Triaxial Shear Strength test .................................................................................. 42 
4.3 Results ...................................................................................................................... 44 
4.3.1 Laboratory force-displacement curves ................................................................. 44 
4.3.2 Finite Element fitting curves ................................................................................ 46 
4.3.3 Laboratory results and finite element model simulation comparison .................. 49 
4.4 Discussion ................................................................................................................ 52 
ix 
 
4.4.1 Variation of mechanical properties with temperature .......................................... 52 
4.4.2 Cohesion and stress-dependency ......................................................................... 53 
4.5 Summary and conclusions ....................................................................................... 54 
5 Constitutive model for BSM and multilayer pavement model development .................. 56 
5.1 Introduction .............................................................................................................. 56 
5.2 Hypotheses, objectives and research approach ........................................................ 57 
5.2.1 Hypotheses ........................................................................................................... 57 
5.2.2 Objectives ............................................................................................................ 57 
5.2.3 Research approach ............................................................................................... 57 
5.3 Materials and methods ............................................................................................. 59 
5.3.1 Materials .............................................................................................................. 59 
5.3.2 Methods................................................................................................................ 60 
5.3.2.1 Triaxial shear strength and resilient modulus tests ...................................... 60 
5.3.2.2 Three-dimensional elastic-perfectly plastic finite element model ............... 60 
5.3.2.3 Two-dimensional axisymmetric pavement model ....................................... 62 
5.3.3 Simulated pavement structures and multilayer pavement model ........................ 64 
5.4 Results and discussion ............................................................................................. 66 
5.4.1 Triaxial shear strength test simulation and local constitutive properties 
calibration ........................................................................................................................ 66 
5.4.2 Numerical simulations of different pavement structures ..................................... 69 
5.5 Summary and conclusions ....................................................................................... 71 
x 
 
6 Incorporating a temperature dependent plastic response for cold in-place recycled layers 
in pavement design and analysis .............................................................................................. 73 
6.1 Introduction .............................................................................................................. 73 
6.2 Materials and methods ............................................................................................. 74 
6.2.1 Pavement structure ............................................................................................... 74 
6.2.2 Finite element model............................................................................................ 75 
6.2.3 Layer properties ................................................................................................... 76 
6.2.4 Model verification ................................................................................................ 77 
6.3 Results and discussion ............................................................................................. 79 
6.3.1 Plasticity effect at different temperatures ............................................................ 80 
6.3.2 Comparison of different pavement structures ...................................................... 82 
6.3.3 Plasticity effect comparison with different temperature distributions ................. 86 
6.3.4 CIR response under different temperature conditions ......................................... 90 
6.4 Summary and conclusions ....................................................................................... 93 
7 Influence of curing stage of BSM layers on pavement structure plasticity response ...... 95 
7.1 Introduction .............................................................................................................. 95 
7.2 Methods.................................................................................................................... 96 
7.2.1 Temperature distribution ...................................................................................... 96 
7.2.2 Elastic and strength properties variation .............................................................. 98 
7.2.3 Evolution of elastic modulus and cohesion with time ....................................... 100 
7.2.4 Elastic-Perfectly Plastic model used for simulations ......................................... 101 
xi 
 
7.2.5 Structural solutions considered .......................................................................... 102 
7.3 Results .................................................................................................................... 103 
7.4 Conclusions ............................................................................................................ 105 
8 Comparative analysis between different pavement analysis and design systems.......... 107 
8.1 Introduction ............................................................................................................ 107 
8.2 Adopted software and methods .............................................................................. 108 
8.2.1 AASHTO 93/98 pavement design method ........................................................ 109 
8.2.2 AASHTOWare® Pavement ME ......................................................................... 110 
8.2.3 Rubicon Toolbox ............................................................................................... 111 
8.2.4 MnPAVE Flexible software ............................................................................... 111 
8.2.5 Multilayer elastic-perfectly plastic (EPP) ABAQUS® model ........................... 112 
8.3 Comparison of pavement analysis and design software and methods ................... 113 
8.4 Climate information, pavement structures, material and input properties ............. 116 
8.5 Results and discussion ........................................................................................... 120 
8.6 Summary and conclusions ..................................................................................... 126 
9 Summary and conclusions ............................................................................................. 128 
9.1 Summary ................................................................................................................ 128 
9.2 Objectives .............................................................................................................. 130 
9.3 Conclusions ............................................................................................................ 131 
9.4 Recommendations and possible future extensions ................................................ 133 
10 References ...................................................................................................................... 135 
xii 
 
List of Figures 
Figure 1.1 Overall research approach and dissertation structure ............................................... 4 
Figure 2.1 CIR and CCPR production temperatures with comparison to other technologies. .. 8 
Figure 2.2 CIR train setup scheme. .......................................................................................... 10 
Figure 2.3 CIR train setup on field operations. ........................................................................ 10 
Figure 2.4 Scheme of recycler performing CIR [Wirtgen GmBH, 2010]. .............................. 11 
Figure 2.5 Energy consumption of different rehabilitation technologies [Xiao et al., 2018]. . 12 
Figure 2.6 CCPR with mobile plant setup. .............................................................................. 13 
Figure 2.7 Schematic showing partially-bonded BSM materials and their performance 
characteristics. .................................................................................................................. 15 
Figure 2.8 Reclaimed asphalt pavement after milling operations............................................ 16 
Figure 2.9 Foamed asphalt punctual mastics dispersed in the mixture. ................................... 17 
Figure 2.10 Emulsified asphalt coating RAP particles. ........................................................... 17 
Figure 2.11 Micro-structure of hydrated lime compared to a traditional mineral filler. ......... 19 
Figure 3.1 RAP gradation. ....................................................................................................... 24 
Figure 3.2 Laboratory mixer and vibrating hammer. ............................................................... 25 
Figure 3.3 ITS specimens and test setup. ................................................................................. 26 
Figure 3.4 Specimen for triaxial testing and testing mold [Wirtgen GmBH, 2010]. ............... 28 
Figure 3.5 Results from TSS test with identification of peak load. ......................................... 29 
Figure 3.6 ITS preliminary results. .......................................................................................... 32 
Figure 3.7 Internal friction angle preliminary results. ............................................................. 33 
xiii 
 
Figure 3.8 Cohesion preliminary results. ................................................................................. 33 
Figure 3.9 Mohr-Coulomb failure envelope. ........................................................................... 36 
Figure 4.2 Simple triaxial shear strength test set-up. ............................................................... 43 
Figure 4.3 Laboratory Reaction Force-Displacement curves with no lateral confining pressure 
applied. ............................................................................................................................. 44 
Figure 4.4 Laboratory Reaction Force-Displacement curves with 100 kPa lateral confining 
pressure applied. .............................................................................................................. 45 
Figure 4.5 Laboratory Reaction Force-Displacement curves with 200 kPa lateral confining 
pressure applied. .............................................................................................................. 45 
Figure 4.6 Laboratory selected curves and elastic-perfectly plastic model fitting curves with 
no lateral confining pressure. ........................................................................................... 47 
Figure 4.7 Laboratory selected curves and elastic-perfectly plastic model simulation curves 
with 100 kPa lateral confining pressure. .......................................................................... 48 
Figure 4.8 Laboratory selected curves and elastic-perfectly plastic model fitting curves with 
200 kPa lateral confining pressure. .................................................................................. 48 
Figure 4.9 Elastic modulus variation with temperature ........................................................... 51 
Figure 4.10 Cohesion variation with temperature and lateral confining pressure. .................. 52 
Figure 5.1 Three-dimensional elastic-perfectly plastic finite element model where U3 
represents vertical deformation in mm. ........................................................................... 61 
Figure 5.2 Example of an output from the ABAQUS two-dimensional multilayer model in 
terms of vertical deformation at peak load application. ................................................... 63 
xiv 
 
Figure 5.3 Multilayer pavement structure ABAQUS model. .................................................. 64 
Figure 5.4 Pavement cross-sections for the four pavement structures considered for numerical 
simulations. ...................................................................................................................... 65 
Figure 5.5 Results from laboratory tests and numerical simulations. ...................................... 67 
Figure 5.6 Calibration of Resilient Modulus values for the three different confining 
conditions. ........................................................................................................................ 69 
Figure 5.7 Number of traffic loading applications before 20 mm rut depth is reached on top of 
the surface of the pavement structure. ............................................................................. 70 
Figure 6.1 Horizontal Strains at bottom of HMA: elastic-perfectly plastic model vs Elastic 
model................................................................................................................................ 81 
Figure 6.2 Vertical Strains at top of Subgrade: elastic-perfectly plastic model vs Elastic 
model................................................................................................................................ 81 
Figure 6.3 Comparisons of pavement life in terms of fatigue. ................................................ 85 
Figure 6.4 Comparisons of pavement life in terms of rutting. ................................................. 85 
Figure 6.5 Horizontal Strains at bottom of HMA for different scenarios. ............................... 86 
Figure 6.6 Vertical Strains on top of Subgrade for different scenarios. .................................. 87 
Figure 6.7 Pavement life under different layer temperature combinations. ............................ 89 
Figure 6.8 Deviator Stress Ratio expressed as a % for CIR layer in the different structures and 
temperatures scenarios. .................................................................................................... 92 
Figure 7.1 Temperature distribution with depth implemented in the model considering an air 
temperature of 27 deg. C. ................................................................................................. 97 
xv 
 
Figure 7.2 Variation of elastic modulus with temperature for BSM. ...................................... 99 
Figure 7.3 Variation of cohesion with temperature for BSM. ................................................. 99 
Figure 7.4 Evolution of elastic modulus with curing time for the mixture with 2% hydrated 
lime active filler content. ............................................................................................... 100 
Figure 7.5 Evolution of cohesion with curing time for the mixture with 2% hydrated lime 
active filler content. ....................................................................................................... 101 
Figure 7.6 Permanent deformation on surface at different curing stages and for different 
structural solutions and different BSM mixtures. .......................................................... 104 
Figure 7.7 Normalized values for permanent deformation on surface. ................................. 104 
Figure 8.1 Example permanent vertical strains after loading application from EPP model. . 115 
Figure 8.2 Results comparison in terms of ESALs for Boston, MA location. ...................... 123 
Figure 8.3 Results comparison in terms of ESALs for Montgomery, AL location. .............. 123 
Figure 8.4 Results comparison in terms of rutting service life for Boston, MA location. ..... 125 





List of Tables  
Table 3.1 Mix designs of cold recycled mixtures tested in the laboratory. ............................. 23 
Table 3.2. Triaxial resilient modulus test parameters adopted in this research study. ............ 31 
Table 4.1. BSM mix design information. ................................................................................ 42 
Table 4.2. Comparison between laboratory measured properties (LAB) and properties from 
finite element simulation without confining pressure applied (FE). ................................ 50 
Table 5.1. Mechanical properties for the different materials in the pavement structure. ........ 65 
Table 5.2. Laboratory calculated properties and model calibrated properties. ........................ 68 
Table 6.1. Multilayer structure cross-section and materials description. ................................ 75 
Table 6.2. Pavement structures simulated................................................................................ 75 
Table 6.3. Mechanical properties of pavement layers at different temperatures. .................... 77 
Table 6.4. Elastic response verification. .................................................................................. 78 
Table 6.5. Plasticity response verification. .............................................................................. 79 
Table 6.6. Comparisons of pavement life in terms of rutting and fatigue (dominant distress is 
indicated) for Elastic (E) and Plasticity-based (EP) simulations for different pavement 
structures and temperatures scenarios.. ............................................................................ 84 
Table 6.7. Pavement lives from plasticity-based simulations with temperature combinations 
(dominant distress is indicated). ...................................................................................... 88 
Table 7.1. Structural solutions considered for the simulations. ............................................. 103 
Table 8.1. Key attributes comparison. ................................................................................... 113 
Table 8.2. Seasonal average temperatures for the two selected locations. ............................ 116 
xvii 
 
Table 8.3. Material mechanical properties. ............................................................................ 117 
Table 8.4. Additional input parameters AASHTO 93/98 pavement design method. ............ 118 
Table 8.5. Input parameters for AASHTOWare® Pavement ME. ......................................... 119 
Table 8.6. Input parameters for Rubicon Toolbox. ................................................................ 120 
Table 8.7. Pavement structures considered for the comparative analysis. ............................. 120 
Table 8.8. Input design parameters for AASHTO 93/98 pavement design method. ............. 121 






1.1 Background  
Cold recycling technologies allow for recovery and reuse of up to 100% of the milled asphalt 
material from an existing asphalt pavement without significant addition of heat. In addition, 
there is often minimal need for transporting the material since the mixture is usually prepared 
with in-place recycling technique or using mobile plants. For these reasons, cold recycling 
technologies are often considered as one of the most sustainable options for pavement 
rehabilitation, both from environmental and economic perspectives. The low production 
temperatures and the minimal need for transportation usually result in low CO2 emissions 
during material preparation and construction. In addition, the oil consumption is drastically 
reduced with respect to other traditional rehabilitation techniques. The product obtained 
through the use of cold recycling technologies is called Bituminous Stabilized Material (BSM). 
These type of materials are considered to be partially-bonded materials, which means that they 
have characteristics which are in between fully bonded materials, such as Hot-Mix-Asphalt 
(HMA) and cemented materials, and unbounded materials, such as crushed aggregates. The 
reason for this is that the asphalt binder content in BSM is lower than the one used to prepare 
HMA and even in the case where cement is used as additive in the mix, its introduction is 
always limited to very low application rates. This particular composition causes the material to 






The principal motivations for this research are: 
1. BSMs are partially-bonded and heterogeneous materials with mechanical properties 
which are simultaneously temperature and confining pressure dependent. For this 
reason, there is need to identify a specific mechanical characterization method. 
2. Mechanical response of BSM pavement layers is usually assumed to be linear elastic in 
current design and analysis methods. Nonetheless, the predominant mode of failure for 
BSM is accumulation of permanent deformation. For this reason, there is need to collect 
information on material plasticity response. 
3. Limited exploration of constitutive models to adequately characterize and describe 
BSM behavior under different conditions, such as different lateral confining pressures 
application and different temperature scenarios has been conducted to date, this needs 
to be expanded. 
4. Curing stage of BSM can affect the overall pavement structure response in terms of 
permanent deformation accumulation under traffic loading applications before HMA 
overlay placement. For this reason, there is need to quantify the evolution of BSM 








The principal objectives of this research study are: 
1. Verify that tests in triaxial configuration (Triaxial Shear Strength and Triaxial Resilient 
Modulus tests) are a better suited characterization method for BSM compared to 
Indirect Tensile Strength (ITS) and develop a framework to experimentally characterize 
BSM.  
2. Evaluate the effect of BSM composition (in terms of asphalt stabilizing agent and 
additives) on material mechanical properties and assess the influence of temperature 
and confining pressure on material mechanical response. 
3. Collect information on BSM elastic and strength behavior under different confining 
pressure applications and different temperature conditions in order to adopt a 
constitutive model for the material to be used in multilayer pavement models for 
pavement evaluation integrated with plasticity effect and temperature distribution with 
depth. 
4. Evaluate the effect of BSM level of curing on plasticity response of overall pavement 
structure before HMA overlay placement. 
5. Compare pavement evaluation results performed through the use of the developed 






1.4 Overall research approach and organization of the dissertation 
The overall research approach was organized in three main sections: the first one includes all 
the laboratory characterization efforts, the second one focuses on the computational mechanics 
aspect and numerical simulations, and the third one is focused on a comparative analysis 
between current available software and methods for pavement design and analysis and the 
newly developed multilayer pavement model. 
  





This doctorate dissertation is organized in 9 chapters as indicated in Figure 1.1. A short 
summary of each chapter is provided in this section and full manuscripts are either attached as 
appendices to this document or have been discussed within the thesis under designated chapter 
number and title. 
Chapter 1 is intended to give a general introduction on the research topic and show motivations, 
objective and research approach. 
Chapter 2 is an extended overview and review of literature on the topics of Reclaimed Asphalt 
Pavement (RAP), cold recycling technologies and Bituminous Stabilized Materials (BSM). 
Chapter 3 introduces all the materials and mixtures that were adopted for this study, the 
laboratory equipment that was used, and the type of tests that were performed for the 
mechanical characterization portion of the research. The preliminary results in terms of Indirect 
Tensile Strength (ITS) and Triaxial Shear Strength (TSS) are also shown. In addition, some 
discussion on the assumptions made for the computational mechanics portion of the research 
is presented. This chapter supports objectives 1 and 2. 
Chapter 4 focuses on the effect of temperature on the mechanical response of BSM. The 
variations of global elastic and strength properties such as Resilient Modulus, Cohesion and 
Internal Friction Angle with temperature were assessed. This chapter supports objectives 2 and 
3. 
Chapter 5 is the first chapter relative to the computational mechanics portion of the research. 
A three-dimensional Finite Element elastic-perfectly plastic model for TSS test simulation was 




the numerical simulations for different mixtures and under three different confining pressures. 
In addition, the extracted local elastic and strength constitutive properties for the BSM were 
utilized as input parameters in a newly developed two-dimensional multilayer pavement model 
for pavement evaluation. This chapter supports objectives 2 and 3. 
Chapter 6 focuses on the comparison between Linear Elastic Analysis (LEA) and plasticity-
based analysis to evaluate the effect of the inclusion of plasticity for subsurface layers on the 
overall pavement response under traffic loading application and considering different 
temperature scenarios. Deviator Stress Ratio (DSR) was also used as a parameter to evaluate 
the BSM layer ability to withstand traffic loading application. This chapter supports objective 
3. 
Chapter 7 is intended to give an idea of the effect of curing stage of cold recycled layers on the 
overall plastic response of the pavement structure under traffic loading applications. The trend 
of variation of elastic modulus and cohesion was estimated on the basis of tests and equations 
found in the literature and simulations were run for the first fourteen days after construction 
before HMA overlay placement. In addition, a realistic temperature distribution with depth was 
implemented in the model in order to adjust material properties at the different locations with 
respect to pavement surface. This chapter supports objective 4. 
Chapter 8 focuses on the comparative study between results from current software and methods 
for pavement design and analysis and the results obtained through the use of the newly 
developed Elastic-Perfectly Plastic multilayer pavement model. This comparison was carried 




design methods and software: AASHTO 93/98 pavement design method, Rubicon Toolbox, 
MnPAVE Flexible software, AASHTOWare Pavement ME and elastic-perfectly plastic 
ABAQUS® model. This chapter supports objective 5. 
Chapter 9 gives a brief summary of the study and discusses all the conclusions that can be 






2 Overview of asphalt pavement cold recycling and bituminous 
stabilized materials 
This chapter contains an overview on cold recycling technologies and bituminous stabilized 
materials (BSM). Different available rehabilitation techniques are shown and both the In-Place 
(CIR) and Central Plant (CCPR) technologies are described. In addition, an overview on BSM 
mix design and curing process is described. 
2.1 Cold recycling technologies 
Cold recycling technologies allow to recover and re-use up to 100% of the milled material from 
an existing asphalt pavement without any addition of heat. Generally, this is combined with a 
minimal need for transporting the material since the mixtures are usually prepared on site or in 
mobile plants. Since production temperatures are very low and the need for transportation is 
minimal, cold recycling technologies can guarantee very low CO2 emissions and oil 
consumption as can be seen in Figure 2.1. 
 




According to the recycling processes and mixing temperature, recycling methodologies can be 
classified as hot recycling, cold recycling and full depth reclamation (FDR). Compared with 
hot recycling, cold recycling technologies and FDR have superior advantages in terms of 
environmental and economic sustainability, and safety. Hot recycling includes hot in-place 
recycling (HIR) and hot central-plant recycling (HCPR) while, according to construction 
technology, rehabilitation depth and processing place, cold recycling technologies involves two 
methodologies: cold in-place recycling (CIR), cold central plant recycling (CCPR) [Xiao et al., 
2018].  
2.1.1 Cold in-place recycling (CIR) 
According to the reclamation depth, there are two types of in-place recycling methodologies: 
partial-depth recycling and full-depth reclamation (FDR). Though FDR is also conducted in 
situ, CIR only refers to partial depth. The terms FDR is used to describe technologies which 
can reach deeper layers in the pavement structure such as base or sub-base layers and 
consequently are able to address major structural distresses in the pavement structure. CIR 
techniques address distresses which are solely related to the Hot Mix Asphalt (HMA) 
superficial layers, such as: 
 Rutting phenomena involving only asphalt layers; 
 Top-down cracking or thermal cracking (longitudinal or transverse cracking); 
 Oxidized and raveled surface layers; 
 Alligator cracking (fatigue cracking); 




As a partial-depth recycling method, CIR is mostly used for constructing base courses which 
are going to be overlaid with HMA layers.  
This process is usually carried out by using a series of multi-functional recycling trains and the 
range of processing depth ranges from 65 to 125 mm, an example of recycling train setup can 
be found in Figure 2.2 and Figure 2.3. 
 
Figure 2.2 CIR train setup scheme. 
 
Figure 2.3 CIR train setup on field operations. 
The steps in CIR typically consist of: preparation of construction area (including preliminary 
milling operations to remove the most superficial and oxidized portion of HMA), milling of 




fillers or active fillers (mineral filler, cement, hydrated lime, etc.), laydown, compaction, and 
new HMA overlay placement [Chen et al., 2010].  
All of the aforementioned procedures are carried out almost simultaneously in CIR as can be 
seen in Figure 2.4.  
 
Figure 2.4 Scheme of recycler performing CIR [Wirtgen GmBH, 2010]. 
The train setup is meant to contemporarily mill the existing asphalt pavement while injecting 
water for compaction and asphalt stabilizing agent in the form of foamed or emulsified asphalt. 
In addition, when mineral filler or active filler is intended to be used in the mix design, it is 
spread on the pavement surface before the recycler.  
The reason why a CIR layer is normally covered by a HMA overlay is to protect it from water 
ingress and traffic abrasion and to obtain a sounder pavement structure with adequate 
superficial texture [Kim et al., 2011].  
Some research studies have shown the significance of the environmental benefits of CIR when 
compared with hot recycling method. It was evaluated that the energy consumption to produce 
pavement layers through the use of CIR technologies is approximately 20% of the one 




In Figure 2.5, it is shown how CIR technologies, when compared with traditional HMA, allows 
to save 62% in virgin aggregates usage and reduce the emissions of 52%, 61% and 54% in 
terms of greenhouse gas, sulfur dioxide and nitric oxide/nitrogen dioxide respectively. 
 
Figure 2.5 Energy consumption of different rehabilitation technologies [Xiao et al., 2018]. 
Even though CIR method has many significant benefits, there are still some limitations that 
restrict the popularization of this technology. One of the main imitations is related to the poor 
available knowledge in terms of mixture internal behavior and mechanical response to traffic 
loading, which is of upmost importance for the accurate use of mechanistic-based pavement 
design methods [Muncy, 1990].  
2.1.2 Cold central plant recycling (CCPR) 
CCPR can be conducted in a central traditional plant or using a mobile plant. When the 
recycling process takes place not directly on the field, the damaged asphalt pavement is milled 
off and stockpiled in the plant. Subsequently, asphalt binder, fillers and water are added, and 
the mixture goes back to the field where it is laid and compacted. In this case, the constructor 




material gradation. Figure 2.6 shows a mobile plant setup for cold mobile plant recycling 
operations. 
 
Figure 2.6 CCPR with mobile plant setup. 
The recycled materials can be crushed to designed size before mixing operations with 
stabilizing agents, additives and water. Subsequently, the conventional HMA wearing course 
will be paved on top of cold recycled layer [Apeagyei et al., 2013; Stimilli, A., et al., 2013; 
Diefenderfer et al., 2016]. 
Similarly to CIR, CCPR also has the advantages of cost reduction, environmental sustainability 
and low energy consumption.  
2.1.3 Full-depth reclamation (FDR) 
In FDR technology the recycling process is the same as CIR and it is conducted completely in 
situ [Romanoschi et al., 2004; Hill et al., 2016; Bergeron, 2005]. The main difference is that 
asphalt layers are milled and consequently mixed together with part of base layer or even sub-
base layers. Nonetheless, the product obtained with FDR is still considered to be a bituminous 




through CIR technologies. In addition, FDR can address deeper structural distresses, such as 
rutting involving base and sub-base layers and cracking propagation coming from underneath 
HMA, producing a high strength subgrade layer. 
The reclaiming machines and multi-functional recycling trains are used in FDR process with a 
milling depth ranging from 100 to 300 mm [Berthelot et al., 2002; May, 2008]. 
2.2 Bituminous stabilized materials  
BSMs are considered to be partially-bonded materials since their mechanical behaviour is in 
between fully bonded materials and completely unbounded materials. As can be seen from 
Figure 2.7, the virgin asphalt binder content of BSM is lower than the one used in HMA 
mixtures. In addition, even in the case where cement is used as active filler, it is introduced in 
a very low application rate. Usually, the cement content is a BSM does not exceed 1% by 
weight of dry aggregates which is much lower than cement contents for cemented or cement-
treated materials preparation. In addition, the typical air void content for BSM mixtures is 






Figure 2.7 Schematic showing partially-bonded BSM materials and their performance 
characteristics. 
BSM can guarantee a better flexibility with comparison to granular materials, but at the same 
time they have a higher potential for rutting distress development. In fact, the main concern 
related to cold recycled layers is believed to be accumulation of permanent deformation under 
traffic loading application.  
2.3 Cold recycled mixtures components 
Cold recycled mixture are composed by Reclaimed Asphalt Pavement (RAP), asphalt 
stabilizing agent in the form of foamed or emulsified asphalt, fillers such as mineral filler and 
active fillers such as cement or hydrated lime and water for compaction. Because of the 
complex composition of the final cold recycled mixtures, the performance of rehabilitated 
pavement highly depends on the properties and dosage of its components, primarily from RAP 




2.3.1 Reclaimed asphalt pavement 
Typical factors influencing the quality of RAP to be used in cold recycling operations include 
moisture content, asphalt binder content and condition and RAP aggregate gradation (Figure 
2.8). Since the temperature production for cold recycled mixtures are very low, there is no 
significant reactivation of the asphalt binder in the RAP. For this reason, the primary focus 
when considering RAP material for cold recycling application should be on aggregate 
gradation. RAP aggregate gradation depends on multiple factors such as depth and speed of 
milling operations, type of teeth used on the recycler drum, type of asphalt mixture that is being 
milled and condition of the existing asphalt material in terms of level of ageing and oxidization 
[Olsson et al., 1999; Kim et al. 2012; Lee et al., 2007; Xiao et al., 2007; Tebaldi et al., 2014; 
Jia et al., 2014].  
 




2.3.2 Stabilizing agents and active fillers 
2.3.2.1 Asphalt stabilizing agents 
The two commonly used asphalt stabilizing agents are foamed and emulsified asphalt. Both 
can be adopted as stabilizers for cold recycled mixtures and they confer to the final mixtures 
similar mechanical properties. The main difference is that while foamed asphalt creates a 
multitude of punctual adhesive mastics dispersed into the matrix of the mixture (Figure 2.9), 
emulsified asphalt creates a more homogeneous coating of the RAP aggregates (Figure 2.10). 
 
Figure 2.9 Foamed asphalt punctual mastics dispersed in the mixture. 
 




The thickness of the asphalt binder film created by the asphalt emulsion on top of RAP 
aggregates is very thin when compared to the one provided by the asphalt binder in HMA 
mixtures. This is the reason why the final product of stabilization with emulsified asphalt still 
has characteristics of a partially-bonded material and not of a continuously-bonded material. 
In general, the amount of asphalt binder used in cold recycled mixtures does not exceed 2-3% 
by weight of dry RAP aggregates [Gao, Lei, et al., 2009; Kandhal et al., 1987, Yan et al., 2009; 
Davidson et al., 2004; Loizos et al., 2007; Papavasiliou et al., 2013; Chan et al., 2009; Wang 
et al., 2011; Jaharen et al., 2014; Yan et al., 2009; Huan et al., 2011; Recasens et al., 2000; Cox 
et al., 2016]. 
The main differences in between cold recycled mixtures prepared with foamed asphalt and the 
ones prepared using emulsified asphalt are: 
 In the mixtures prepared with foamed asphalt, the carriers of the asphalt binder 
are the fine particles in the mix. In the mixtures prepared with emulsified 
asphalt, the water in the emulsion and the added water for compaction are the 
carriers of the asphalt binder. 
 Mixtures prepared with emulsified asphalt need longer curing time since the 
emulsion needs to break and set on the RAP aggregates. 
 The water used for the foaming process is not considered in the calculation of 




compaction in mixtures prepared with emulsified asphalt needs to be adjusted 
basing on the amount of emulsion and amount of water in the emulsion. 
Nonetheless, as mentioned earlier, the final product obtained with both the asphalt stabilizing 
agents is similar in terms of mechanical characteristics. 
2.3.2.2 Active fillers 
The term active filler is used to identify those fillers which are able to chemically alter mixture 
properties. This definition includes materials such as cement, hydrated lime, calcium oxide and 
fly ash. Active fillers have a completely different micro-structure when compared to mineral 
filler as can be seen in Figure 2.11. 
 
Figure 2.11 Micro-structure of hydrated lime compared to a traditional mineral filler. 
The higher voids content in active fillers and the chemical reactions that are triggered by the 
contact of those materials with water can have different effects on the final recycled mixture, 
such as: 
 Improve adhesion of the asphalt binder to the aggregates; 
 Improve dispersion of the asphalt binder in the mix; 




 Accelerate curing of compacted mix. 
In general, it can be said that small amounts of active filler application can significantly 
increase final strength and strength gain of the mixture without affecting the flexibility of the 
cold recycled layer. When considering cement as active filler, there are higher concerns related 
to loss in deformability of the material. For this reason, the application rate for cement is usually 
limited to 1% by weight of dry RAP aggregates while hydrated lime can be introduced in higher 
amounts [Pouliot et al., 2003; Berthelot et al., 2007; Niazi et al., 2009; Sebaaly et al., 2004; 
Cross et al., 1998 and 1995; Thomas et al., 2000; Trefder et al., 2006; Betti et al., 2014, Li et 
al., 2013; Wen et al., 2003; Bemanian et al., 2006; Stroup-Gardiner, 2012; Dudley et al., 1984; 
Asphalt Academy, 2009; Wirtgen GmBH, 2010; Jenkins et al., 2000 and 2008]. 
2.4 BSMs mix design procedure 
To produce a cold recycled layer with necessary quality and consistency to serve as a 
structurally sound base layer in pavement structures, an optimal formulation for the mix needs 
to be identified. This means that the quality of the different components needs to be evaluated 
and a correct thickness to be recycled needs to be selected. 
The design of a cold recycled mixture requires considerations on volumetric and compaction 
characteristics as well as mechanical and durability properties. The mix design procedure aims 
to determine the potential of the material in terms of structural performance, which needs to be 
evaluated with laboratory testing. In addition, other fundamental considerations that have to be 
made are in terms of availability of materials, for example type of stabilizing agents or fillers 
that can be supplied, and in terms of costs. The amount of asphalt binder contributes 




rate [Serfass et al., 2004; Kim et al., 2011; Batista et al., 2012; Woods et al., 2012; Lee et al., 
2008]. 
2.5 Curing process in cold recycled mixtures 
The main factors are identified as most impacting the BSM mixture curing process are: time, 
temperature, humidity, wind, rainfall/precipitation, component materials and construction 
features. As mentioned earlier, considerations of curing stage of the material are of paramount 
importance, mainly when emulsified asphalt is selected as stabilizing agent for the preparation 
of BSM. It is important to evaluate the mechanical characteristics of the recycled pavement 
layer in the days immediately after construction in order to select an optimal time for reopening 
the rehabilitated pavement structure to traffic or overlay the recycled layer with HMA wearing 
course [Plati et al., 2010; Godenzoni et al., 2018; Perez et al., 2013; Gandi et al., 2019; Lee et 
al., 2008; Bouraima et al., 2017; Kim et al., 2006; Čížková et al., 2016, Mulusa et al., 2009; 
Santagata et al., 2010; Cox et al., 2015]. 
The main three factor affecting the curing level of the mix and consequently the mechanical 
properties evolution (strength gain) of the layer are: 
• Evaporation of moisture; 
• Emulsion breaking;  
• Hydration of chemical additives such as active fillers. 
This is the reason why curing temperature, rainfalls and atmospheric humidity have a high 
influence on strength gain of the mixtures. As mentioned earlier, active fillers can help in 
having a better control over the moisture content in the mixture and in enhancing mechanical 




carried out in summer season and in a very narrow time window in order to have adequate 






3 Materials and methods  
This chapter contains an overview on materials used for the study, laboratory equipment 
needed and preliminary results from mechanical characterization of cold recycled mixtures. In 
addition, considerations on BSM material model and adopted simplifications for the research 
study are presented. This chapter serves as a direct contribution to objectives 1 and 2 of this 
doctorate research. 
3.1 Materials 
Four different mix designs were followed for specimen preparation as can be seen in Table 3.1. 
Table 3.1 Mix designs of cold recycled mixtures tested in the laboratory. 
RAP 95% 95% 95% 95% 
Mineral Filler 4% 3% 2% 1% 
Hydrated Lime 1% 2% 3% 4% 
Asphalt Emulsion 3.3% 3.3% 3.3% 3.3% 
Residual asphalt binder 2% 2% 2% 2% 
 
The BSMs were prepared using RAP with an asphalt binder content of 4.3%, RAP was obtained 
from milling operations in northern Italy (its size gradation is shown in Figure 3.1), traditional 
limestone filler, hydrated lime with 92% calcium hydroxide content and bituminous emulsion 
as stabilizing agent. As can be seen from Table 3.1, the total filler content (mineral filler + 





Figure 3.1 RAP gradation. 
The bituminous emulsion used was a neutral pH experimental emulsion containing 60% neat 
50/70 penetration grade asphalt binder and the residual asphalt binder from emulsion was 
designed to be 2% by weight of dry RAP and filler. The optimum fluid content (OFC) for 
compaction was determined using the modified AASHTO T-180 [AASHTO, 2004] test on the 
dry material (RAP and fillers), resulting in a content of 5.2% by dry aggregates weight. The 
OFC includes both emulsion and added water during mixing process as they both act as 
lubricants for those type of mixes [Asphalt Academy, 2009].  
3.2 Mixing and compaction equipment and specimen preparation. 
The equipment that was used for specimen preparation consisted of a laboratory mixer of 30 
kg capacity and a vibrating hammer for compaction. Both the aforementioned machines can be 
seen in figure 3.2. The components are mixed together at room temperature for 10 minutes 
total. At first, RAP and filler are mixed together, subsequently water is added and finally the 






















Figure 3.2 Laboratory mixer and vibrating hammer. 
The vibrating hammer was specifically designed by Wirtgen for the compaction of BSM. It 
provides a type of compaction which is more representative of what is occurring in the field 
than the one obtained through the use of Superpave Gyratory Compactors (SGC) or Marshall 
hammers. The functioning consist in applying pressure on the top surface of the material in the 
compaction mold while vibrating it. This compaction method allows dealing with the water in 
the mixture and avoiding the generation of high pore pressures in the material. In addition, the 
final product after compaction has characteristics which are very similar to what is obtained on 
field through the use of roller compactors. 
There are several approaches that can be followed for curing process of BSM specimens. In 
some cases the specimens are stored in the laboratory at room temperature and in other cases 




In this research study the type of curing methodology selected was 28 days free-surface curing 
in the laboratory at room temperature. 
3.3 Indirect Tensile Strength (ITS) 
ITS test are the currently utilized methodology for design and analysis of cold recycled 
mixtures. The test is performed on specimens of 150 mm diameter and approximately 95 mm 
height. The specimens can be compacted with the vibrating hammer in two equal layers or 
using a SuperPave Gyratory Compactor (SGC) in just one layer. The test is performed in 
displacement control and the reaction force is recorded during the test until failure of the 
specimen. On the basis of displacement and reaction force, the stress-strain curves are plotted 
in order to identify the peak tensile strength for the material. Usually, the test is performed on 
dry specimens and wet specimens (saturated for 24 hours in a water bath) in order to evaluate 
the moisture sensitivity of the mixture. Test specimen and test setup can be seen in Figure 3.3 
[Mulusa et al., 2009; Gouveia et al., 2021]. 
 
Figure 3.3 ITS specimens and test setup. 
The main limitations related to ITS tests is that they are usually performed exclusively at the 




temperature-dependency of the mechanical response of the material. In addition, the only 
outcome from this type of test is a stress-strain curve until failure, which does not allow to 
calculate any global plastic property for the material. As mentioned earlier, the cracking risk is 
not the main concern in BSM mixtures. The primary failure mode for those type of materials 
is believed to be accumulation of permanent deformation, thus there is need to collect 
information on plastic response of the material to predict its performance in terms of rutting 
accumulation under traffic loading applications. 
3.4 Tests in triaxial configuration 
3.4.1 Triaxial shear strength (TSS) test 
A simplified TSS test for cold recycled mixtures was developed by Mulusa et al. in 2009. This 
test is a monotonic test performed very similarly to the geotechnical triaxial test. The main 
difference is in the testing setup and equipment used. The cold recycled specimens used in this 
type of characterization have dimensions of 150 mm in diameter and 300 mm height and they 
are usually compacted in five equal layers.  
The simplified testing procedure consists of inserting the material into a mould equipped with 
an inflatable plastic membrane. A metal disk is then placed on top of the specimen and a 
monotonic displacement is applied in a vertical direction until shear failure of the material. The 







Figure 3.4 Specimen for triaxial testing and testing mold [Wirtgen GmBH, 2010]. 
The output obtained for the test is a reaction-force displacement curve until shear failure of the 
test specimen. On the basis of those results it is possible to calculate global plastic properties 
for the material on the basis of Mohr-Coulomb failure envelope as explained in details next. 
For each test specimen the applied failure load (Pa,f) is recorded in order to calculate the applied 






        Eq. 1 
Where A is the end area of the cylindrical specimen at the beginning of the test. 






Figure 3.5 Results from TSS test with identification of peak load. 
In a second step, the major principal stress at failure (1, f) is calculated following equation 2. 
1,𝑓 =  𝑎,𝑓 +  𝑑𝑤        Eq. 2 
Where dw is the pressure resulting from dead weight of top disk and loading ram. 
The relationship between the major principal stress at failure and the confining stress (3) is 
described in equation 3. 
1,𝑓 =  𝐴  3 +  𝐵        Eq. 3 
Where: 
𝐴 =  
1+𝑠𝑖𝑛
1−𝑠𝑖𝑛
  and  𝐵 =  























Values A and B can be determined by performing a linear regression analysis on the 
combinations of major principal stress at failure and confining stress. Values of internal friction 
angle () and cohesion (C) for the material can be accordingly calculated. 
The main advantage of using a triaxial test configuration for cold recycled mixture mechanical 
characterization are: 
 Subject the material to a realistic three-dimensional stress state. 
 Assess the influence of confining stress on shear capacity of the material. 
 Calculate global strength properties for the material (cohesion and internal friction 
angle). 
In addition, it is easy to perform the test at different temperatures in order to evaluate its effect 
on plastic response of the material. 
3.4.2 Triaxial resilient modulus (TMR) test 
Resilient modulus tests in triaxial configuration were also performed in this research study 
following AASHTO T 307 [AASHTO, 2003] with adjustments shown in Table 3.2. The 
resilient modulus for the material under the three different confining pressures conditions was 








Table 3.2. Triaxial resilient modulus test parameters adopted in this research study.  
σ3 [kPa] σ1 [kPa] Force [kN] Cycles [#] 
0  100  1.8  110 
100  200  3.5  110 
200  400  7  110 
In Table 3.2, σ3 represents the confining pressure and σ1 the vertical applied pressure on top of 
the test specimen. 
3.5 Preliminary results 
In this sub-chapter, the results obtained with ITS and TSS tests are presented. The results can 
be found also in the journal paper “Use of calcium oxide as active filler for bituminous 
stabilized materials” published on Road Materials and Pavement Design journal [Gouveia et 
al., 2021] in January 2021. 
The results in terms of average ITS calculated as average of three test results per hydrated lime 





Figure 3.6 ITS preliminary results. 
The main outcomes from ITS results are listed next: 
 The maximum value of ITS is reached when 3% hydrated lime is added to the mixture. 
 High presence of fines in the mixture (over 3%) seems to negatively affect ITS value. 
 No information on constitutive strength properties and plasticity accumulation for the 
material can be collected from those results. 
The results in terms of internal friction angle and cohesion calculated from TSS tests are shown 

























Figure 3.7 Internal friction angle preliminary results. 
 
 





















































The main outcome from TSS tests are listed next: 
 Hydrated lime does not have a major impact on global strength properties of the 
material. 
 Internal friction angle is controlled by RAP aggregates particle-to-particle contact and 
potentially by RAP gradation. Its value is not influenced by the amount of hydrated 
lime that is introduced in the mixture. 
 Information to describe plasticity initiation and accumulation for the material were 
collected following this type of characterization method. 
The general conclusion on the basis of the results shown above is that TSS tests, and more in 
general tests in triaxial configuration, are a better suited characterization method for BSM. As 
mentioned earlier, the need of fully understand the plasticity behavior for those materials and 
calculate strength constitutive properties is of paramount importance in order to make accurate 
prediction on material rutting performance under traffic loading application. 
3.6 Material model 
In this dissertation, a simplified constitutive model for the BSM was adopted in order to 
simulate its response under traffic loading application. As it is going to be extensively described 
in Chapter 5, an Elastic Perfectly-Plastic model was developed dividing the material response 
into three main portions: 




2. A yield condition determining when plasticity gets initiated represented by the Mohr-
Coulomb failure envelope. 
3. A flow rule dictating how much plasticity happens, or determining the extent of plastic 
strain for a given stress state represented by a hyperbolic plastic potential function. 
3.6.1 Elastic response 
The elastic response of the material was evaluated through the use of resilient modulus tests in 
triaxial configuration (TMR) as it is going to be described in Chapter 5. Those test allowed to 
calculate the Resilient Modulus for the material under different confining pressure applications 
(0, 100 and 200 kPa) and temperature condition (10, 25 and 40°C). The Poisson’s ratio value 
instead was not measured and for all of the scenarios it was assumed to be constant at 0.35.  
3.6.2 Yield condition 
The Mohr-Coulomb failure criterion was utilized to describe the shear failure envelope for 
BSM. The Mohr-Coulomb criterion assumes that failure is governed by the maximum shear 
stress and that this failure shear stress depends on the normal stress. This can be represented 
by the Mohr's circle for states of stress at failure in terms of the maximum and minimum 






Figure 3.9 Mohr-Coulomb failure envelope. 
The equation for Mohr-Coulomb criterion can be written as: 
𝜏 =  𝑐 −   𝑡𝑎𝑛       Eq. 4 
Cohesion and friction angle values calculated through the use of TSS tests (as described 
previously in this chapter) were then calibrated and validated performing numerical simulation 
of TSS tests with the use of the developed elastic-perfectly plastic model as it is going to be 
shown in following chapters. Local constitutive properties for the material were extracted 





3.6.3 Flow rule 
As flow rule, the model utilized in this study considers a flow potential with an hyperbolic 
shape in the meridional stress plane and has no corners in the deviatoric stress space. This flow 
potential is completely smooth and provides a unique definition of the direction of plastic flow. 
In addition, this is a non-associated flow rule with a non-symmetric material stiffness matrix. 
The hyperbolic plastic potential function is shown in equation 5: 
 
𝐺 = √(є|0 tan 𝜓)2 + 𝑞2) − 𝑝 tan 𝜓   Eq. 5 
 
Where:  
 𝐺 is the flow potential. 
 є is a parameter referred to as the eccentricity that defines the rate at which the function 
approaches the asymptote. 
 𝜓 is the dilation angle. 
 |0 is the initial yield stress. 
 𝑞 is the deviatoric stress. 
 𝑝 is the hydrostatic pressure. 
 
In the developed model, this flow rule represents a flow potential that tends to a straight line 
(perfect plasticity) since a small dilation angle was assumed for the numerical simulations. The 
dilation angle represents the volume preservation while the material is in shear and controls the 




not be measured using the available equipment for this research study and assuming a small 
dilation angle means considering a value for the eccentricity parameter that tends to zero. This 
means that the function reaches the asymptote right after plasticity is initiated in the material.  
3.6.4 General assumptions and limitations 
As mentioned earlier, some general assumptions were made for the computational mechanics 
portion of the research that was conducted for this dissertation, especially regarding the 
constitutive model adopted for BSM. The reason for those assumptions and consequent 
limitations was to keep the model simple and computationally efficient in order to be able to 
adopt it for pavement evaluation in multilayer pavement structures as it is going to be shown 
starting from Chapter 5. 
The main assumptions and simplifications that were made are listed below: 
 The same approach and calculation procedure was adopted to calculate cohesion and 
internal friction angle values under all temperature conditions. 
 The material response was modelled only using three different temperature conditions 
of 10, 25 and 40°C and three different confining pressures of 0, 100 and 200 kPa 
assuming that those would be realistic ranges for a BSM when used as a base layer in 
a pavement structure. 
 The trend of variation of material properties between the three aforementioned 
temperatures was calculated interpolating the available points with a polynomial 




 The material was assumed to give an elastic-perfectly plastic response under all 
temperature conditions and viscoelastic response of the material was neglected. 
 The dilation angle value was assumed to be small (even though it was not measured) in 
order to describe a perfect plasticity flow after plasticity initiation. This simplification 
was adopted for computational efficiency but nevertheless the model was able to predict 
the material response with sufficient accuracy under the different conditions considered 





4 Influence of temperature on global and local elastic and 
strength properties of BSM 
This chapter focuses on evaluating the effect of temperature on global and local elastic 
properties of BSM. The study was carried out through the use of TSS tests under different 
temperature conditions and applying different lateral confining pressures to the material. In 
addition, the material model described in Chapter 3 was adopted for the simulation of the 
laboratory test and extraction of local constitutive properties for the material under the different 
testing conditions. This chapter serves as a direct contribution to objective 2 and 3 of this 
doctorate research. 
4.1 Introduction 
In the last few years, many studies have been conducted to determine mechanical properties of 
BSM but little information was collected on the influence of temperature on their properties, 
specifically for non-linear constitutive properties. A typical BSM contains around 2% addition 
of new asphalt binder by weight of total mixture and although this is less than half of the typical 
asphalt binder in Hot Mixed Asphalt (HMA), it can be hypothesized that the mechanical 
properties of BSM are susceptible to temperature changes, partly due to newly added asphalt 
binder and partly due to aged asphalt binder in RAP. Recent research [Pires et al., 2019] 
supports the hypothesis with respect to effect of temperature on asphalt binder activity of RAP.  
As mentioned in Chapter 1, in current pavement design procedures, the mechanical property 
of BSM that is often taken into consideration is stiffness, or capacity of the material to link 




pavement structure is often due to permanent (plastic) deformation; thereby rutting behavior is 
of primary interest, while fatigue cracking is not believed to be a main concern for BSM [Ebels 
et al., 2007]. The permanent deformation causing rutting type of failure is related to plastic 
flow of the material; for this reason, its shear capacity at different temperatures was evaluated 
following a geo-mechanics approach. The macroscopic (specimen scale) mechanical behavior 
for cohesive granular materials in terms of shear failure limits are usually estimated with the 
Mohr-Coulomb theory. In the specific case of a partially-bonded material, surface interactions 
between particles are altered by the presence of the mastic, or film, created by asphalt binder 
and filler in between RAP particles. Another hypothesis for this study was that the 
physicochemical bond generated by the mastic affects the cohesion of the material, making it 
a temperature- and stress-dependent parameter. Therefore, in this portion of the research study, 
TSS tests were performed at different confining pressures and under different temperature 
conditions in order to to determine the macroscopic strength parameters (cohesion and friction 
angle) [Delenne et al., 2004] for a reference BSM mixture. In addition, a finite element elastic-
perfectly plastic model (previously described in Chapter 3) was used to simulate laboratory 
results (force-displacement measurements) and extract local mechanical properties of the 
material under different conditions. Stress-dependency considerations are of primary 
importance since the BSM in the pavement structure is subjected to different levels of confining 
pressures, which depend on the depth of the layer, the magnitude of applied loads on pavement 





4.2 Material and Methods 
4.2.1 Mix Design and specimens preparation 
The reference mix design for the BSM utilized for this portion of the research study is shown 
in Table 4.1. 









95% 3% 2% 2% 5.2% 
 
As described in Chapter 3, specimens for TSS test were prepared using a twin-shaft compulsory 
mixer with a 30 kg mixing capacity. A total of 360 kg of material was used to prepare 30 
specimens of 300 mm height and 152 mm diameter; the specimens were compacted in 5 lifts 
using a vibrating hammer, a compaction energy of 23 J was applied for 30 seconds using 2.25 
kg of material for each lift. The specimens were then stored in the laboratory at constant 
temperature of 25°C for a curing period of 28 days without any lateral confinement. 
4.2.2 Triaxial Shear Strength test 
The monotonic confined compression test, or simple triaxial shear strength test described in 
Chapter 3 [Jenkins et al., 2012; Mulusa et al., 2009], was used to determine the shear properties 
of the BSM. Three replicates were tested for each confining pressure (0 kPa, 100 kPa, 200 kPa) 






Figure 4.1 Simple triaxial shear strength test set-up. 
Prior to testing, the specimens were conditioned for 24 hours at the selected test temperature; 
in addition, the climatic chamber of the test machine was set at the same temperature 2 hours 
before testing. The tests were performed in displacement control with a constant displacement 
of 3 mm/minute until complete failure of the test specimen. During the test, the induced 
reaction force was recorded. The simple triaxial shear strength apparatus is only applicable to 
monotonic triaxial testing to obtain cohesion and friction angle values. In addition, it is possible 
to calculate the monotonic stiffness of the material, also called tangent modulus, which 






4.3.1 Laboratory force-displacement curves 
Figures 4.3, Figure 4.4 and Figure 4.5 present the laboratory measured force-displacement 
curves; the plots include all the replicates at each temperature and at each confining pressure. 
The displacement here are line-load displacement values measured at the loading head of the 
universal testing machine. 
 






























Figure 4.3 Laboratory Reaction Force-Displacement curves with 100 kPa lateral confining 
pressure applied. 
 






















































The replicates show consistent results under each testing condition. When temperature is 
decreased the initial linear (resilient) response of the material increases in slope, it should be 
noted that this temperature dependent stiffening effect is not linearly proportional to 
temperature change (as is case with most viscoelastic materials). In addition, the onset of plastic 
deformation occurs at higher reaction forces and smaller deformations with decreasing 
temperatures. As hypothesized, the material displays stiffer behavior at low temperatures. As 
can be seen from Figure 4.3 to 4.5, under all the different conditions other than 40°C with 200 
kPa lateral confining pressure, it was possible to capture the differentiation between the initial 
linear (elastic) and plastic portion of the response. At higher temperature of 40°C and a 
relatively high confining pressure of 200 kPa, the material flow is expected to have initiated 
before application of vertical pressure, thus resulting in absence of clear linear response portion. 
For this reason, that specific set of results were not considered for simulation and for extraction 
of local elastic and strength constitutive properties. 
4.3.2 Finite Element fitting curves 
A 3D finite element elastic-perfectly plastic model of triaxial shear strength test (developed by 
the author [Preti et al., 2021]) was used for the simulation of the laboratory triaxial shear 
strength tests. A representative Reaction Force-Displacement curve was selected from the three 
replicates at each lateral confining pressure and temperature. To select the curve to be 
considered for simulation, the replicate curves at each condition were approximated using a 
bilinear representation (secant representing initial elastic behavior and tangent to latter part of 
lab result representing plastic response). Subsequently, average tangents for both the elastic 




In Figure 4.6, Figure 4.7 and Figure 4.8 the selected curve from the three replicates under each 
condition is shown and plotted together with the corresponding simulated results (shown after 
achieving closest match to objective functions by changing constitutive properties) from the 
simulation of the elsatic-perfectly plastic triaxial shear strength test model.  
 
Figure 4.5 Laboratory selected curves and elastic-perfectly plastic model fitting curves with 

































Figure 4.6 Laboratory selected curves and elastic-perfectly plastic model simulation curves 
with 100 kPa lateral confining pressure.  
 
Figure 4.7 Laboratory selected curves and elastic-perfectly plastic model fitting curves with 


























































As can be seen from the previous figures, the model was sensitive to confining pressure and 
temperature changes, it was able to capture the elastic portion of the response and the plasticity 
occurring in the material under the different conditions; however, the laboratory responses and 
the fitting curves are not perfectly superposed. This difference is caused by the limitations with 
respect to current choice of constitutive model that does not capture the transition region 
between linear response and plastic flow. In fact, in the model the Mohr-Coulomb failure 
envelope was adopted as yield condition (cohesion and internal friction angle) and the selected 
flow rule was an hyperbolic plastic potential function describing a flow potential that tents to 
a straight line (perfect plasticity). 
4.3.3 Laboratory results and finite element model simulation comparison 
In Table 4.2, global mechanical properties a determined using force-displacement data from 
the laboratory testing and local mechanical properties obtained from inverse analysis using 












Table 4.2. Comparison between laboratory measured properties (LAB) and properties from 
finite element simulation without confining pressure applied (FE).  
Parameter 
Temperature [°C] 
10 25 40 
Elastic Modulus [MPa] 
Global  
(Lab) 
223 112 61 
Local 
(FEM) 




370 240 125 
Local 
(FEM) 
500 280 180 
Friction Angle [°] 
Global 
(Lab) 
45 38 42 
Local 
(FEM) 
30 30 30 
 
It should be noted that the global elastic moduli values in Table 4.2 were estimated using 
calculation of engineering stress and average specimen strain from force-displacement data 
within the initial linear portion. The author fully acknowledges that use of a dedicated test with 
on-specimen strain measurement, such as resilient modulus test, would have been a better 
alternative, however due to limitations on laboratory operations, this was not possible. 
Poisson’s ratio measurements are also unavailable for these tests, for the purposes of finite 
element simulations its value was kept constant at 0.35 for all the conditions. Plastic Strength 
properties from laboratory tests were calculated using Mohr-Coulomb failure envelope, where 




internal friction angle and the intercept with the ordinates axis represents the cohesion of the 
material. The friction angle from the simulations was found to be constant for all the conditions, 
regardless of the laboratory calculated values at different temperatures and confining pressures. 
In Figure 4.9 and 4.10, elastic modulus and cohesion variations are presented, those plots are 
going to be discussed in the subsequent section.  
 
  



























Figure 4.9 Cohesion variation with temperature and lateral confining pressure.  
4.4 Discussion 
4.4.1 Variation of mechanical properties with temperature 
The local properties obtained from simulations were always larger in magnitude with respect 
to the laboratory measured global properties, this happened under all temperature conditions. 
In addition, from Figure 4.9 and Figure 4.10, it is possible to see how both elastic modulus and 
cohesion vary non-linearly with temperature; this verifies the first hypothesis made for this 
study: since the moisture content after the curing period of 28 days is believed to be almost 
insignificant and the aged asphalt binder coating RAP particles should not be affected in this 
range of temperatures, the variation of the mechanical properties reflects the influence of 
temperature on the bituminous mastic in the BSM mixture. In addition, these findings show 
how BSMs perform differently from unbound materials. In fact, mechanical properties of 


























materials like BSM it is important to keep into consideration temperature effects both on elastic 
modulus and cohesion properties.  
4.4.2 Cohesion and stress-dependency 
In Figure 4.10, it is shown how the local cohesion value from the model simulations increases 
with lateral confining pressures. This supports the second hypothesis for this portion of the 
research study: local cohesion is not a stress-state independent property for partially-bonded 
materials.  
There are two possible explanation for the cohesion variation with applied pressure: 
(1) The adhesion of the bituminous mastic to RAP particles is improved by applied lateral 
pressure. From a micromechanical point of view, the pressure applied on the material could 
improve the bonding or adhesion between the particles. 
(2) The presence of asphalt binder in the mix makes the cohesive characteristics to be stress-
dependent, in contrast to granular materials in which no bituminous stabilizing agents are 
present. 
One last consideration has to be made on the test itself: the simple triaxial shear strength test 
utilized in this portion of the research study was designed to be performed at 25°C. With an 
experimental approach it has been adopted to test the material also at low and high temperatures 
without any modification. This could explain the higher variability of cohesion at different 




4.5 Summary and conclusions 
A reference BSM prepared with bituminous emulsion and hydrated lime was subjected to 
triaxial tests at different temperatures and different lateral confining pressures. Subsequently, 
the results obtained from the laboratory tests and the mechanical properties calculated from the 
experimental responses were compared to the simulations obtained from an elastic-perfectly 
plastic finite element model. An inverse analysis approach was adopted to match global 
responses in form of load-displacement curves from laboratory measurements with simulated 
global response from 3D finite-element model. This was done in order to assess the impacts of 
temperature effects on elastic and strength mechanical properties of BMS and explore the 
stress-dependency of the local cohesion for asphalt binder based partially-bonded materials. 
The main conclusions on the basis of the previous discussion and results are: 
• Friction Angle, as a fundamental plasticity strength property for partially-bonded material, 
has significant impact on the post-plasticity behavior of the material. Results from the 
present work demonstrate that the value of this parameter is driven primarily by aggregate 
interlocking, which depends on gradation, and has minimal impacts from the range of 
temperatures considered for the study or from the stress-state. 
• Elastic modulus for partially-bonded materials is temperature-dependent. 
• Both macroscopic and local cohesion are temperature-dependent parameters, which is 
expected due to temperature sensitivity of the asphalt binder, which is primary contributor 




• Local cohesion is found to be stress-dependent property for partially-bonded materials. An 
explanation for this dependency can be provided through physical observation of thin films 
and clusters of asphalt emulsion and filler that exists between RAP particles, such films 
and clusters under the action of varying confinement provides varying degree of adhesive 
capacity. Secondly, the non-continuous bituminous films and clusters have stress-
dependent mechanical response due to their own stress dependent behavior.  
In conclusion, this work demonstrates how BSM mechanical properties are temperature 
dependent and that plasticity is a fundamental factor to be taken into consideration for partially-
bonded materials analysis and design; consequently, triaxial tests need to be performed to have 
a better understanding of the material. This portion of the research study is going to be 
implemented in the following chapters to show the effect of including plasticity and 
temperature-dependency for BSM layers in multilayer pavement structures design, mainly in 





5 Constitutive model for BSM and multilayer pavement model 
development 
This chapter describes the development of the three-dimensional finite element elastic-
perfectly plastic model for TSS test simulation and of the two-dimensional multilayer 
pavement model for pavement evaluation. In addition, some preliminary results in terms of 
rutting life for rehabilitated pavement structures with BSM are shown. This chapter serves as 
a direct contribution to objective 3 of this doctorate research. 
5.1 Introduction 
In this portion of the research study, triaxial shear strength tests and resilient modulus tests in 
triaxial configuration were performed in the laboratory to calculate global elastic and strength 
properties for the mixture and assess the influence of confining pressure on the shear capacity 
and elastic response of the material. Information on the plasticity initiation and accumulation 
in the material was collected while subjecting it to a three-dimensional stress state. Specifically, 
reaction force-displacement curves were obtained under different lateral confining pressures, 
shear strength properties (cohesion and internal friction angle) were calculated through the use 
of Mohr-Coulomb failure envelope, and resilient response was evaluated under different 
confinement conditions. This information was used in a multilayer pavement structure model 
for pavement evaluation to compare the response of pavement structures with and without BSM 
in terms of permanent deformation accumulation under traffic loading. In addition, this study 
provides mechanistic analysis to support the use of cold recycled mixtures for the rehabilitation 





5.2 Hypotheses, objectives and research approach 
5.2.1 Hypotheses 
The first hypothesis for this portion of the dissertation is that BSM can provide good rutting 
performance when used as a base layer in multilayer pavement structures, either as partial or 
total substitution for a traditional granular base layer. The second hypothesis is that a plasticity-
based constitutive model should be included in the analysis to better understand BSM 
mechanical response under traffic loading and provide a more accurate prediction of pavement 
distress, in particular rutting accumulation on the pavement surface. 
5.2.2 Objectives 
The first objective was to adopt a constitutive model for a BSM mixture and integrate this 
model into multilayer finite element pavement models for pavement evaluation. The second 
objective was to compare rutting performance between different pavement structures. 
Pavement structures with BSM and traditional granular base layers were simulated to 
understand the effect of cold recycled layers on the overall pavement response to traffic loading 
in terms of accumulation of permanent deformation on the surface. 
5.2.3 Research approach 
This portion of the research study was divided into two phases. The first phase focused on 
laboratory characterization of a BSM mixture prepared with foamed asphalt and cement as 
active filler. Triaxial shear strength tests and resilient modulus tests in triaxial configuration 




Mohr-Coulomb failure envelope. The second phase was a computational mechanics effort 
divided into two tasks: the development of a three-dimensional elastic-perfectly plastic (EPP) 
model for the simulation of triaxial shear strength tests and the development of a multilayer 
pavement model for pavement evaluation. In the first task, reaction force-displacement curves 
from the laboratory triaxial shear strength tests in unconfined condition were matched with the 
simulation to calibrate the model parameters. Subsequently, different confining pressures were 
applied to the modeled specimen to verify the ability of the model to predict the material 
response at varying confinement conditions. In the second task, a multilayer pavement model 
was developed for pavement evaluation and the previously calibrated and verified properties 
were used as input parameters for the BSM layer. Various pavement structures with a range of 
layer thicknesses and different combinations of materials were simulated.  Service life of the 
different pavement structures were compared in terms of maximum allowable number of 




5.3 Materials and methods 
5.3.1 Materials 
The BSM mixture that was used for this portion of the research study was composed by RAP, 
mineral filler, cement and foamed asphalt. RAP, mineral filler and cement compose the 100% 
of the dry materials in the mixture (93% RAP, 5.5% mineral filler and 1.5% cement). Foamed 
asphalt and water for compaction were introduced in the mixture in application rates that were 
respectively 1.5% and 3% by weight of dry materials. The water to be added for compaction 
was determined based on maximum dry density calculated in the laboratory with the use of 
Proctor compaction test. The reason why this mix design was selected for the study is that 1.5% 
cement content is a typical application rate used in Italy for cold recycling technologies. 
Asphalt binder content usually ranges between 1% and 2% by weight of dry aggregates in 
BSM. Consequently, in this portion of the research study an average foamed asphalt content of 
1.5% was adopted for the mix design.  
The RAP material used to prepare the BSM mixture was collected from an uncovered stockpile 
from milling operations in northern Italy. The average asphalt binder content in the RAP 
material was determined to be 4.3% through chemical extraction. The total filler content 
(mineral filler and cement) was 7% by weight of total mixture and the foamed asphalt and 
water application rates are expressed by weight of dry material (RAP + fillers). The laboratory 
equipment used for specimen preparation included an asphalt foaming machine, a twin-shaft 
pug-mill mixer and a WLV 1 vibratory hammer used for compaction [Betti et al., 2017]. The 




Subsequently, water was added to the mixture in an application rate of 3% by weight of dry 
materials while keeping the mixing action active. At the end, foamed asphalt was added to the 
mix using the asphalt foaming machine, which is designed to spray directly in the mixer. After 
mixing, BSM was compacted using the WLV 1 vibratory hammer. 
Five triaxial specimens with a final height of 300 mm and diameter of 152 mm [Kelfkens, 
2008] were prepared. The compaction was carried out in five layers using a compaction time 
of 30 seconds with an impact energy of 23 J [Jenkins et al., 2012] for each layer. Specimens 
were cured for 28 days in the laboratory at room temperature, this was done in order to allow 
the cement completing its hydration process prior to testing.  
5.3.2 Methods 
5.3.2.1 Triaxial shear strength and resilient modulus tests 
Triaxial shear strength tests (previously described in Chapter 3) were performed in 
displacement control mode with a displacement rate of 3 mm/min at a temperature of 25°C. In 
addition, resilient modulus tests in triaxial configuration (previously described in Chapter 3) 
were also performed for this portion of the dissertation, always at the reference temperature of 
25°C.  
5.3.2.2 Three-dimensional elastic-perfectly plastic finite element model 
The three-dimensional elastic-perfectly plastic finite element model introduced in Chapter 3 
was developed using ABAQUS® software [Abaqus Theory Manual, 2006]. First, the boundary 
conditions were designed to replicate, as accurately as possible, the conditions of the test 




convergence of the results was achieved; an average element dimension of 10 mm x 10 mm 
was selected. A schematic of the three-dimensional model can be seen in Figure 5.1. 
 
Figure 5.1 Three-dimensional elastic-perfectly plastic finite element model where U3 
represents vertical deformation in mm.  
As already mentioned in Chapter 3, the model was developed by dividing material response 
into three different regions: linear elastic response, plasticity initiation and plasticity 
accumulation [Preti et al., 2021]. The elastic response is governed by elastic modulus and 
Poisson’s ratio and it is completely recoverable until the plasticity initiation point. The 
plasticity initiation or yield condition was modeled based on Mohr-Coulomb failure envelope; 
cohesion and internal friction angle were used to identify when plasticity is initiated. The last 
portion is represented by a flow rule describing plasticity evolution and determining the extent 




hyperbolic plastic potential function previously shown in Equation 5 in Chapter 3. 
5.3.2.3 Two-dimensional axisymmetric pavement model 
A two-dimensional axisymmetric multilayer pavement model for pavement evaluation was 
also developed in this portion of the dissertation. After Burmister [Burmister et al., 1945] 
established the analytical solution for layered linear elastic half-space model and after the 
introduction of finite element methods, the use of axisymmetric two-dimensional approach has 
been a common methodology to analyze and design flexible pavements [Thompson et al., 
1985]. The model is axisymmetric elastic-perfectly plastic with dimensions 6x6 m: this domain 
size was determined using the domain extent analysis. Domain extent analysis included 
multiple trial models of varying domain sizes (4x4 m, 5x5 m, and 6x6 m and 7x7 m), 6x6 m 
was selected as the solution (expressed in terms of critical pavement responses) did not change 
with increasing domain sizes. Tangential behavior between layers was selected to be rough to 
simulate horizontal friction, and the normal behavior between layers was designed as hard 
contact with no separation allowed in the vertical direction. A circular tire load was modelled 
using a 1 MPa pressure over a 10 cm radius (corresponding to a 63 kN axle weight). A load 
application of 1 second was considered with a gaussian distribution reaching the peak at 0.5 
second. 





Figure 5.2 Example of an output from the ABAQUS two-dimensional multilayer model in 
terms of vertical deformation at peak load application. 
In Figure 5.3, the black lines are the interfaces in between the different layers in the pavement 
structure and displacement is shown in mm. A scale facto of 100000 was used to generate the 
figure. 
The elements used to build the model are 4 node quadrilateral axisymmetric explicit elements; 
their dimensions were varied using a one-way graded transition approach resulting in smaller 






Figure 5.3 Multilayer pavement structure ABAQUS model. 
5.3.3 Simulated pavement structures and multilayer pavement model 
The four different pavement structures evaluated in this study are shown in Figure 5.4, and all 





Figure 5.4 Pavement cross-sections for the four pavement structures considered for 
numerical simulations. 











HMA SURFACE 2000 0.35 - - 
HMA BINDER 2500 0.35 - - 
BSM 270 0.40 450 31 
GRANULAR BASE 150 0.40 75 40 
SOIL 70 0.40 50 15 
 
The reference pavement structure (A) was designed with four layers on top of subgrade. The 




and a granular base layer composed of crushed aggregates. Lastly, a semi-infinite subgrade was 
modeled below the base layers. Structure B is intended to represent a pavement structure before 
rehabilitation with a granular base layer. Structure C provides a direct comparison between 30 
mm granular base (B) and 30 mm BSM base. Structure D was included to assess the influence 
of HMA layer thickness on rutting potential [Thompson et al., 1985].   
All subsurface layers were modeled as elastic-perfectly plastic materials while HMA layers 
were modeled as linear elastic materials for all the simulations. It is important to mention that 
the elastic properties for BSM layer represent measured values from laboratory and all the 
others were calibrated based on the literature [Boulbibane et al., 2015; Raad et al., 1989] 
assuming a granular base layer composed of crushed limestone aggregates and a silt loam 
subgrade soil type.  
5.4 Results and discussion 
5.4.1 Triaxial shear strength test simulation and local constitutive properties calibration 
Figure 5.5 shows the comparison between experimental and simulated force-displacement 
curves for the BSM material. As described previously, the strength properties were calibrated 
on the basis of the unconfined test and subsequently validated by applying the two different 
lateral confining pressures. In other words, the laboratory reaction force-displacement curves 
were first matched with numerical simulation for the unconfined scenario. Input elastic and 
strength properties were varied in order to accurately simulate the laboratory response of the 
material, and this process allowed extracting material local constitutive properties. 




was verified applying different confining pressures to the modeled specimen in the numerical 
simulation. The output load-displacement curves from the simulations were compared to the 
laboratory tests results under the respective confining pressure condition and this allowed 
verifying the accuracy of the model. 
Figure 5.5 also shows the maximum load where plastic behavior initiates for the laboratory 
data. This is important because it quantifies the decrement in plastic deformation susceptibility 
of the material under the different lateral confining pressures.  
 
Figure 5.5 Results from laboratory tests and numerical simulations. 
In Table 5.2, the calibrated properties for the model are shown. The only property that had to 
be adjusted for each simulation when applying increasing confining pressure to the BSM 




material elastic response from laboratory tests analysis. In addition, it is shown how the elastic 
modulus for the model had to be calibrated in order to match the experimental curves. It should 
be noted that the laboratory measurement of resilient modulus uses cyclic loading (with 0.1 s 
load pulses followed by 0.9 s rest periods) and the modulus is calculated using recoverable 
strains from last ten cycles (of 110 load cycles), whereas in the finite element model elastic or 
Young’s modulus is simulated. The need for calibration of modulus input can be hypothesized 
due to the fundamental difference in definitions between as measured resilient modulus and as 
simulated elastic modulus. 
Table 5.2. Laboratory calculated properties and model calibrated properties.  









Laboratory N/A varied N/A 37 475 







Figure 5.6 Calibration of Resilient Modulus values for the three different confining 
conditions. 
5.4.2 Numerical simulations of different pavement structures 
In this section, all the results obtained through the simulation of the aforementioned pavement 
structures are presented. The maximum number of loading repetitions before reaching a rut 
depth of 20 mm on the pavement surface under the tire load for each structure is shown in 
Figure 5.7. Structure A, B and C show comparable results in terms of allowable number of 
loading repetitions before 20 mm rut depth is reached. Nonetheless, structure A, where BSM 
and granular base are used in combination, shows the best resistance in terms of accumulation 
of permanent deformation with respect to B and C. Solution C, where only BSM is used as 
base layer, is the first to reach 20 mm rut depth. This could be attributed to the relatively lower 
internal friction angle value for BSM mixture with respect to the granular material used in 
solution B. Granular materials exhibit higher dependency from indirect lateral confining 




pressure with depth has a bigger impact on the maximum shear stress in unbounded materials. 
This might cause the granular material (crushed aggregates in structure B) to develop less 
permanent deformation with respect to BSM, especially in the lower portion of the layer 
directly on top of subgrade, where the indirect pressure is highest. This would also justify an 
improved response of the structure A, where BSM was placed on top of granular base. 
In addition, a thicker HMA binder layer strongly influences the overall pavement structure 
response to traffic loading application. It is clear how a 50% increase in HMA binder layer 
thickness almost doubles traffic loading applications before failure. This may be attributed to 
the significantly higher elastic modulus attributed to the HMA binder material with respect to 
the moduli used for all the other subsurface layers, which means significantly lower stress is 
transferred to the BSM and granular base layers. 
 
Figure 5.7 Number of traffic loading applications before 20 mm rut depth is reached on top 




5.5 Summary and conclusions 
In this portion of the research study, a cold recycled mixture prepared with cement as active 
filler and foamed asphalt as stabilizing agent was subjected to triaxial shear strength and 
resilient modulus testing.  
The tests were run at different confining pressures and the mechanical properties in terms of 
cohesion, internal friction angle and resilient modulus were calculated. Subsequently, a three-
dimensional EPP finite element model was developed to simulate laboratory reaction force-
displacement curves. The mechanical properties that were calibrated and verified with the 
aforementioned procedure, were then used as input parameters in a multilayer pavement model 
able to perform plasticity-based numerical simulation for pavement evaluation. The response 
of four different pavement structures with and without cold recycled layers were evaluated in 
terms of maximum allowable number of load repetitions to reach 20 mm rut depth on the 
pavement surface. 
The main conclusions that can be drawn from this portion of the research study are listed below: 
 A three-dimensional elastic-perfectly plastic finite element model for BSM triaxial test 
was developed and predictions were verified under different confining pressures. 
 The use of elastic-perfectly plastic models for subsurface materials can be utilized in 
the design and analysis of flexible pavement structures with the use of Mohr-Coulomb 
failure criterion and perfectly plastic flow rule. 
 BSMs when used as base layer in flexible pavement structures, show comparable 




base composed of BSM on top and crushed aggregate granular material on bottom 
showed very promising results (this is the typical pavement cross-section that is 
obtained in the field after rehabilitation using CIR or CCPR technologies). 
In addition, a laboratory and computational mechanics-based methodology for the analysis of 
cold recycled pavement layers was presented and it can be adopted as a baseline for future 







6 Incorporating a temperature dependent plastic response for 
cold in-place recycled layers in pavement design and analysis  
This chapter focuses on the implementation of a function able to consider temperature 
distribution with depth within the pavement structure for the numerical simulations and on the 
integration of temperature-dependent properties for BSM in the pavement model. This chapter 
serves as a direct contribution to objective 4 of this doctorate research. 
6.1 Introduction 
Based on the findings from Chapter 4, it was hypothesized that the effect of temperature on the 
contributions of CIR to overall pavement structural capacity needs to be incorporated, 
specifically for plasticity response of the material. Neglecting temperature dependent plastic 
response can result in significantly under or over-designed pavement structures.  
Therefore, the hypothesis for this portion of the research study was that the plastic behavior 
needs to be considered for pavement analysis and design and that plasticity coming from the 
CIR layer and its temperature susceptibility cannot be neglected. To evaluate the study 
hypothesis, a 2D multilayer axisymmetric elastic-perfectly plastic model was developed using 
ABAQUS finite element software; the cross-section for the model was designed based on an 
actual highway, MN-30 in Stevens County, Minnesota. The model was at first validated for 
elasticity and plasticity and then implemented with a function able to adjust material properties 
based on layer temperatures. In this way, it was possible to analyze different scenarios and 




For HMA, granular base and subgrade layers, the mechanical properties were determined from 
MnPAVE software [Tanquist et al., 2002] and the HMA layer is the only layer that was 
considered purely elastic in all the analysis. The effect of temperature on mechanical properties 
was considered just for the HMA and CIR layers, in the unbound crushed aggregates and 
subgrade layers the temperature effect was considered negligible and moisture variations 
effects were omitted. Pavement structures with thinner and thicker cross-sections with respect 
to the reference structure were simulated and comparisons made between elastic and plasticity-
based solutions. All of those responses where then converted to number of allowable repetitions 
before fatigue and rutting failure of the pavement structure and the Deviator Stress Ratio (DSR) 
for the CIR layer [Asphalt Academy, 2009] was calculated on the basis of the principal stresses 
from the plasticity-based simulations. 
6.2 Materials and methods 
6.2.1 Pavement structure 
A finite element model was designed based on a CIR construction project that took place on 
MN-30 in Stevens County, Minnesota. Post rehabilitated pavement with CIR and a surface 
course (HMA) was simulated using ABAQUS software; the details of pavement structure can 
be found in Table 6.1. The CIR mixture is composed of RAP containing 4.3% aged asphalt 
binder, 2% Residual Asphalt Binder (RAB) coming from a neutral pH emulsion (60% neat 
50/70 penetration grade asphalt binder) and hydrated lime (HL). The HL used in this study had 





Table 6.1. Multilayer structure cross-section and materials description.  
MnDOT TH 30 CIR Project [Stevens County; District 7] 
Layer Description Thickness [mm] 
HMA 
12.5 mm NMAS 
Asphalt Binder: PG58-34 
75 
CIR 2% RAB + 2% HL 75 
Granular Base MnDOT Class 6 250 
Subgrade Silty Loam Semi-infinite 
In addition to the reference structure, another two pavement structures with different cross-
sections were considered, this was done in order to evaluate the influence of layer thicknesses 
on plasticity response of the pavement structure. In Table 6.2, the three different structures are 
described.  
Table 6.2. Pavement structures simulated.  
Layer Thin pavement Reference (TH 30) Thick pavement 
HMA 38 mm 75 mm 100 mm 
CIR 50 mm 75 mm 100 mm 
Granular Base 100 mm 250 mm 300 mm 
Subgrade Semi-infinite Semi-infinite Semi-infinite 
 
6.2.2 Finite element model 
The 2D axisymmetric model previously described in Chapter 5 was adopted for the analysis of 
the pavement structures but in this case the pavement layers were considered fully bonded at 




general analysis was performed and, after plasticity was introduced, the analysis type was 
changed to dynamic explicit. Lastly, a function able to adjust material mechanical properties 
based on the layer temperature was introduced for HMA and CIR. Five different temperature 
scenarios were simulated for this study, in the first three scenarios the temperature was 
considered uniform throughout the whole pavement structure. Simulated temperatures include, 
a low temperature of 10 °C, an intermediate temperature of 25 °C and a high temperature of 40 
°C. The reason for this selection was to have a representation of different climatic regions and 
seasons; the assumption of having subsurface layers at 10 °C and 40 °C was done in order to 
have extreme scenarios that would facilitate a complete view of the response trend of the 
pavement. To have a more realistic representation of an on-site temperature distribution in the 
pavement, two more scenarios were added. In those models, just HMA layer temperature was 
varied using 10 °C and  40 °C, while all the other layer were considered at a constant 
temperature of 25 °C. 
6.2.3 Layer properties 
Layer properties are shown in detail in Table 6.3. The property for HMA, granular base and 
subgrade were taken from MnPAVE software with the exception of cohesion and friction angle 
for subgrade; average mechanical properties for silty loam subgrade were taken from a research 
study by Koloski et al. [Koloski et al., 1989]. The mechanical properties for the CIR layer were 
obtained from triaxial shear and resilient modulus tests conducted in a previous laboratory 
study [Ebels et al., 2007]. The air void content for the CIR mixture was 14.3% at the time of 




moisture content in the material was considered to be negligible and consequently not 
considered. 
 

















10 3395 0.30 N/A N/A 
2400 
 
25 1004 0.41 N/A N/A 
40 500 0.43 N/A N/A 
CIR 
10 250 0.40 0.500 30 
1970 
 
25 130 0.40 0.280 30 









10, 25, 40 30 0.45 0.015 24 1840 
 
 
6.2.4 Model verification 
The model was verified following two steps: first, linear elastic behavior was simulated for all 
pavement layers with moduli values corresponding to a constant reference temperature of 25 
°C throughout the whole pavement structure; the pavement response from ABAQUS model 




introduced in all the sub-surface layers (CIR, aggregate base, and subgrade) using a constant 
temperature of 25 °C. The results predicted from the ABAQUS elastic-perfectly plastic model 
were compared with the nonlinear finite element software ILLIPAVE [Thompson et al., 1985]. 
Three parameters were selected for comparison to verify the model predictability: horizontal 
strain at the bottom of HMA layer and vertical stress and vertical strain at the top of the 
subgrade layer. All the results shown in this section are corresponding to locations at the 
different depths directly under the center of the tire. 
The verification was performed just utilizing the reference structure shown in Table 6.1 and 
both for the elasticity and plasticity portions. 
For the linear elastic verification just elastic modulus (E) and Poisson’s ratio were used and all 
the layers were considered as fully bonded. The results for the elastic verification are shown in 
Table 6.4. The model was considered reliable for the elastic response, with relatively small 
differences between the values of critical pavement responses. 





Horizontal Strain at bottom of HMA 1.01E-03 9.83E-04 -2.61 
Vertical Strain on top of subgrade 1.23E-03 1.21E-03 -1.60 
Vertical Stress on top of subgrade 
[MPa] 35.92E-03 37.20E-03 3.57 
 
All the layers were considered as fully bonded. Cohesion and internal friction angle strength 




reference temperature of 25 °C for the whole structure. All the layers except the HMA were 
modeled as materials with an elastic-perfectly plastic type of behavior. The Mohr-Coulomb 
model adopted in this study utilizes the material cohesion and internal friction angle values in 
combination with the principal stresses dictate the plasticity yield conditions. The plastic strain 
accumulation was designed on the basis of the Mohr-Coulomb flow rule where plastic strain is 
calculated using a hyperbolic plastic potential function proposed by Menetrey and William 
[Menetrey et al., 1985]. Due to rate dependency as well as material response non-linearity, the 
ABAQUS simulations were conducted as a dynamic explicit analyses. The results for the 
plasticity verifications are shown in Table 6.5. The elastic-perfectly plastic (EPP) ABAQUS 
model gave consistent results with ILLIPAVE software and therefore was considered reliable 
for predicting plasticity pavement response. 
Table 6.5. Plasticity response verification.  
Parameter ILLIPAVE ABAQUS EPP Difference [%] 
Horizontal Strain at bottom of HMA 9.79E-04 1.04E-03 +5.96 
Vertical Strain on top of subgrade 1.35E-03 1.36E-0.3 +0.41 
Vertical Stress on top of subgrade 
[MPa] 39.30E-03 41.35E-03 +4.97 
 
 
6.3 Results and discussion 
In this section all the results obtained from the different simulations are presented. Initially, the 
focus is on the pavement response under the three different constant temperature scenarios. 




horizontal strains at the bottom of HMA layer and vertical strain at the top of subgrade, and of 
maximum allowable loading repetitions before fatigue and rutting failure of the pavement. 
Subsequently, the two additional scenarios with only HMA layer temperature variation are 
introduced and the responses from those simulations are compared to the previous cases. 
Lastly, the focus is moved to the CIR layer response, in this case the DSR is adopted as the 
critical response; this was done to evaluate the material’s rutting potential and DSR was 
calculated for the CIR layer under all the above mentioned scenarios. 
6.3.1 Plasticity effect at different temperatures 
The results for the reference structure with assumption of constant temperature throughout 
pavement structure are presented in Figures 6.1 and 6.2. The strains shown are those under the 
center of the tire over the 1s loading period. In this case, just the strains were compared (and 
not the stresses) since those are the parameters utilized in transfer functions to calculate rutting 






Figure 6.1 Horizontal Strains at bottom of HMA: elastic-perfectly plastic model vs Elastic 
model.  
 
Figure 6.2 Vertical Strains at top of Subgrade: elastic-perfectly plastic model vs Elastic 
model.  
The consideration of plasticity in subsurface layers results in higher peak strains overall, with 










































































strain at the bottom of the HMA layer. The effect of plasticity (both peak strain and residual 
strain) is more apparent when the temperature is increased. This is due to lower values cohesion 
for of CIR at high temperatures and subsequently the material undergoes plastic strains at a 
lower stress magnitude. Furthermore, at higher temperatures the elastic modulus of HMA layer 
reduces, which also results in increased stresses within subsurface layers.  
6.3.2 Comparison of different pavement structures 
For the thin structure simulations were conducted for 10 °C and 25 °C pavement temperatures 
whereas for the thick structure, simulations for 25 °C and 40 °C pavement temperatures were 
performed. It is expected that this partial factorial approach is sufficient to assess the 
hypotheses posed in this paper. 
The horizontal strains at the bottom of HMA layer and vertical strain on top of subgrade layer 
were used to calculate the allowable number of loading repetitions before fatigue and rutting 
failure of the pavement structure. The maximum strains calculated with the elastic and 
plasticity-based simulations were used as input in the MnPAVE transfer functions for fatigue 
(Equation 2) and rutting (Equation 3), the results of these analysis are shown in Table 6.6 and 
graphically compared in Figure 6.3 and Figure 6.4. 
 
𝑁𝐹 =  𝐶𝐹𝐾𝐹1𝜀ℎ
𝐾𝐹2𝐸𝐾𝐹3    (2) 
𝑁𝑅 =  𝐶𝑅𝐾𝑅1𝜀𝑣







𝑁𝐹 = allowed repetitions for fatigue 
𝐶𝐹 = correction factor: 0.433 
𝐾𝐹1 = 1.2 
𝐾𝐹2 = -3.291 
𝐾𝐹3 = -0.854 
𝑁𝑅 = allowed repetitions for rutting 
𝐶𝑅 = correction factor: 1.39 
𝐾𝑅1 = 0.0261 
𝐾𝑅2 = -2.35 
𝐸 = Elastic modulus of HMA layer 
𝜀ℎ = maximum horizontal strains at bottom of HMA layer 








Table 6.6. Comparisons of pavement life in terms of rutting and fatigue (dominant distress is 
indicated) for Elastic (E) and Plasticity-based (EP) simulations for different pavement 
































































EP 76,806* 350,481 








Figure 6.3 Comparisons of pavement life in terms of fatigue.  
 
Figure 6.4 Comparisons of pavement life in terms of rutting.  
For all scenarios, the number of allowable load repetitions predicted with numerical 
simulations and transfer functions is higher when adopting the elastic solution. The effect of 
plasticity response for subsurface layers is more significant in pavement life prediction for 
thinner pavement structures. The thin pavement structure at low temperature still shows a 
considerable difference between the elastic and plasticity-based solution, illustrating that 
considering just elasticity for the design of lower volume roadways could lead to a significant 




minimal differences in terms of fatigue life while rutting life is overestimated without 
consideration of plasticity (20% at intermediate temperature). Therefore, the plasticity effect is 
important to consider for rutting life evaluation in all situations, but may not be necessary for 
fatigue life evaluation of thick structures. 
6.3.3 Plasticity effect comparison with different temperature distributions 
The finite element model was extended with a function able to adjust mechanical properties of 
HMA and CIR materials on the basis of the temperature of the layer. Two scenarios were added 
to the simulations to isolate the effect of the HMA layer mechanical properties at different 
temperatures; in the first scenario the HMA temperature was set at 10 °C while keeping the 
CIR at 25 °C, in the second one the temperature of the HMA was set at 40 °C and the CIR one 
was again kept constant at 25 °C. The responses in terms of horizontal strains at the bottom of 
the HMA and vertical strains on top of the subgrade are shown in Figures 6.5 and 6.6. 
 









































Figure 6.6 Vertical Strains on top of Subgrade for different scenarios.  
In Table 6.7, all the responses are converted into maximum number of allowable repetitions 
for fatigue and rutting based on the transfer functions presented earlier (equations 1 and 2). The 
differences in predicted pavement lives are shown with respect to the 25 °C constant 
temperature scenario. 










































Table 6.7. Pavement lives from plasticity-based simulations with temperature combinations 


















Other Cases  
NR [%] 
10 10 581,568 77.16 418,770* 52.80 
10 25 322,442 58.81 299,177* 33.94 
25 (Reference) 25 (Reference) 132,808* 0 197,623 0 
40 25 109,909* -17.24 152,167 -23.00 
40 40 37,507* -71.75 112,265 -43.19 






Figure 6.7 Pavement life under different layer temperature combinations.  
The results from the plasticity-based simulations show how the effect of temperature variation 
of HMA and CIR layer have a major impact on the response of the pavement. At low 
temperatures, both HMA elastic layer and CIR plasticity-based layer are stiffer and in addition, 
the cohesion value for the CIR layer is higher. This leads to a calculation of a high number of 
repetitions for both fatigue and rutting failure with respect to the reference scenario. The exact 
opposite is observed when the temperature is increased; in the structure at 40 °C both HMA 
and CIR have lower elastic modulus and the cohesion for CIR material is lower. Consequently, 
the response in terms of horizontal and vertical strain is higher, leading to a smaller number of 
loading application before failure. The importance of consideration of pavement temperature 
within plasticity-based pavement analysis to determine critical responses and corresponding 
design lives is clearly evident in the results presented herein. In addition, the table shows how 




three scenarios with higher HMA temperature, fatigue is the controlling mechanism of failure. 
This is caused by the dependency of the transfer function for fatigue (equation 1) on the elastic 
modulus value of HMA, which for the low temperature of 10 °C is much higher than at the 
other two temperature conditions. HMA and CIR are the only two layers modeled as 
temperature depended materials, this causes those two layers to behave in a more rigid manner 
at low temperatures and consequently transfer higher stresses underneath causing the unbound 
base layer and the subgrade to accumulate more plastic deformation; on the other hand, when 
temperature is increased, HMA and CIR layers experience more deformation and this causes 
the horizontal strains at the bottom of HMA to be higher. 
6.3.4 CIR response under different temperature conditions 
In the following section, the CIR response for all the scenarios is isolated from the rest of the 
structure. A deviator stress ratio (DSR) concept is utilized to make comparisons of the CIR 
rutting performance within pavement structure. The DSR concept was developed in South 
Africa and is proposed to be used as a structural design tool for pavements rehabilitated with 
CIR [Asphalt Academy, 2019; Jenkins et al., 2020]. The DSR concept follows the triaxial shear 
strength concept, whereby principal stresses in pavement CIR layer are used to determine 
maximum deviator stress invariant acting within the CIR layer and this value is compared 
against corresponding deviator stress from triaxial laboratory tests at similar principal stress 
state. The DSR based on the principal stresses extracted from the plasticity-based simulation 





𝐷𝑆𝑅 =  
1− 3 
1,𝑓− 3
    (4) 
Where: 
1,𝑓 =  
(𝟏+𝒔𝒊𝒏 )3+2 𝐶 𝒄𝒐𝒔 
(𝟏−𝒔𝒊𝒏 )
   
1   = Peak value of major principal stress in the CIR layer (kPa) 
3   = Minor principal stress in the CIR layer corresponding to peak major principal stress 
(kPa) 
1,𝑓 = Major principal stress at failure (kPa) 
C   = Cohesion value of CIR material (kPa) 
  = Friction angle value of CIR material (°)  
The results for deviator stress ratio (expressed as percentage) are shown in Figure 6.8 for the 
different pavement structures and temperature scenarios.  
Based on research by Jenkins et al. [Jenkins et al., 2020], the maximum allowable DSR for CIR 
layer is 35% for a design reliability of 95% (Highways with heavy traffic); for a design 
reliability of 80-90% it is of 40% (Arterials with moderate traffic). Those two thresholds are 






Figure 6.8 Deviator Stress Ratio expressed as a % for CIR layer in the different structures 
and temperatures scenarios.  
As can be seen from Figure 6.8, thin structures at intermediate temperatures and the reference 
structure at high temperatures do not meet this threshold. This shows the importance of 
evaluating CIR layer responses at temperatures higher than 25 °C and that the thickness of the 
HMA overlay is of fundamental importance for limiting the stress concentration in the CIR. 
The DSR can be evaluated only through plasticity-based simulations and triaxial shear testing 
on the CIR material; the maximum and minimum principal stress values can be correctly 
calculated for this type of material only if plasticity is considered. This illustrates the 
importance of implementing the current material characterization procedure for the analysis 
and design of pavement structures with CIR layers. The DSR values for thicker pavement 
structures are relatively low, including at high temperatures; therefore, plasticity-based 




6.4 Summary and conclusions 
An elastic-perfectly plastic multilayer 2D axisymmetric finite element model was designed for 
pavement simulation using ABAQUS® software; critical pavement responses were verified for 
the elastic and plasticity-based analysis using existing pavement analysis software. The model 
developed in this study was subsequently used to simulate different scenarios, both in terms of 
temperature and pavement structure. The differences between the elastic solution and the 
plasticity-based solution were calculated to show the importance of including plasticity in 
pavement design and analysis. Lastly, the CIR response was evaluated through the use of the 
deviator stress ratio for all scenarios to show the need for evaluating CIR material mechanical 
properties at different temperatures and the effect of HMA overlay thickness on stress levels 
in the CIR layer. 
Based on the analysis conducted, the main conclusions from this portion of the research study 
are as follows: 
 The plasticity effect needs to be considered for pavement design and analysis; this can 
be done introducing cohesion and friction angle properties for the partially-bonded and 
unbounded layers. 
 The effect of temperature on mechanical properties of CIR material are not negligible; 
this means that elastic modulus and cohesion properties need to be evaluated in the 
laboratory under different temperature conditions. 
 Rutting and fatigue life calculations based on linear elastic simulations can lead to an 




important for thinner (HMA and CIR layers under 75 mm thickness such as in low 
volume roadways) pavement structures and primarily in warmer regions (where the 
CIR layers may approach temperatures of 40 °C for a significant portion of the year).  
 The thickness of the HMA overlay is of fundamental importance for limiting the stress 
concentration in the CIR layer. Use of DSR as a design parameter to determine suitable 
overlay thickness is recommended. 
The results from this portion of the research study demonstrated how consideration of 
plasticity should be implemented in design and analysis in order to obtain more realistic 
evaluation of fatigue and rutting resistance of rehabilitated flexible pavement structures 
with CIR. In addition, it gives insight to the response of the CIR layer under different 






7 Influence of curing stage of BSM layers on pavement structure 
plasticity response 
This chapter describes how BSM mechanical properties evolution with curing time was 
estimated and numerical simulations were run for rehabilitated pavement structures for the first 
14 days after construction before HMA overlay placement. This chapter serves as a direct 
contribution to objective 4 of this doctorate research. 
7.1 Introduction 
Especially in the case when emulsified asphalt is used as stabilizing agent for BSM, a 
fundamental factor to keep into consideration is the curing level of the mixture. After the 
emulsified asphalt is mixed together with the other components, the emulsion starts breaking 
into the two phases of water and asphalt binder. Once the breaking process is completed, 
additional time is needed for the emulsion to set onto RAP aggregates and for the water to 
evaporate. The main factors affecting curing time needed for the mixture before HMA overlay 
application and consequent re-opening to traffic are: temperature, exposure to rainfalls and 
wind and composition of the mixture [Kavussi et al., 2010; Cardone et al., 2015]. In fact, in 
order to accelerate BSM strength gain, active fillers such as cement or hydrated lime are 
commonly added to the mixture. During curing process, both elastic and plastic properties 
evolve with time, which means that the strength gain affects contemporarily the elastic portion 
of material response and its cohesiveness. In this study, simulations were run at different curing 
levels of the material for two different BSM mixtures in order to assess their response to traffic 




specific at 1, 3, 5, 7 and 14 days after construction. Different structural solutions in terms of 
BSM layer thickness were considered and the results were compared in terms of permanent 
deformation accumulation on the surface caused by traffic loading application. In general, this 
portion of this research study gives an insight on how to consider BSM plastic response in the 
early stage of curing and how to integrate it into models for pavement design and analysis. 
7.2 Methods 
7.2.1 Temperature distribution 
As first step, a temperature distribution function was identified for the pavement structure. 
Usually cold recycling operations are carried out during summer season and the main concern 
regarding accumulation of plastic deformation in BSM is associated with warm weather. For 
this reason, a reference scenario with an average seasonal air temperature of 27 deg. C was 
selected. 
The temperature distribution was calculated using the following equation [Ayres et al., 1997]: 






+ 6      Eq. 6 
Where: 
TP = average seasonal pavement temperature (deg. F) 
TA = average seasonal air temperature (deg. F) 




In Figure 7.1, the calculated temperature equation with depth is shown and 0 mm corresponds 
to the surface of the pavement. 
 
Figure 7.1 Temperature distribution with depth implemented in the model considering an air 
temperature of 27 deg. C.  
As mentioned in the introduction, all the structural solutions analyzed in this study did not 
include HMA overlay. Consequently, the temperature distribution in Figure 7.1 is exactly the 
one that was considered throughout the BSM layer. In addition, BSM layer was the only layer 
were temperature dependency was considered for the simulations. Granular base and subgrade 





7.2.2 Elastic and strength properties variation 
In order for the model to adjust BSM mechanical properties with depth, it was necessary to 
input equations able to describe their variation with temperature. In a previously published 
research study by the author [Preti et al., 2021], triaxial shear strength tests and resilient 
modulus tests in triaxial configuration were performed under different temperature conditions 
and applying different lateral confining pressures. With the aforementioned laboratory 
campaign, it was possible to identify elastic properties of the material and plastic properties in 
terms of cohesion and internal friction angle on the basis of Mohr-Coulomb failure envelope. 
In addition, elastic modulus and cohesion were identified as temperature dependent properties 
in BSM. The variation of those two properties with temperature was assessed in a range of 
temperatures in between 10 and 40 deg. C. Two BSM mixtures were taken into consideration, 
both of those mixtures were prepared with 2% residual asphalt binder from emulsified asphalt 
and respectively 1% and 2% hydrated lime content by weight of dry Reclaimed Asphalt 
Pavement (RAP) aggregates.  






Figure 7.2 Variation of elastic modulus with temperature for BSM.  
 
Figure 7.3 Variation of cohesion with temperature for BSM.  
From Figures 7.2 and 7.3, it can be seen how the testing temperature has a major impact on 
elastic and plastic response of the material. The two material properties which were instead 




were Poisson’s ratio and internal friction angle, which were respectively considered as 0.4 and 
31°. 
7.2.3 Evolution of elastic modulus and cohesion with time 
The evolution of both elastic modulus and cohesion during BSM curing process were estimated 
on the basis of previous research studies found in the literature. All the available results from 
the test campaigns were relative to specimens which were fully cured in the laboratory at room 
temperature for 28 days. The values in terms of elastic modulus and cohesion at the fully cured 
stage were considered as reference point to back-calculate the evolution trend down to the first 
day after construction. This was done in a range of temperatures in between 10 and 40°C as 
can be seen in Figure 7.4 and 7.5. 
The evolution of elastic modulus was calculated on the basis of an equation developed in a 
research study on BSM by Kuna et al. [Kuna et al., 2016].  
 
Figure 7.4 Evolution of elastic modulus with curing time for the mixture with 2% hydrated 




The evolution in terms of cohesion for the material was calculated on the basis of a trend 
identified in a research study on BSM by Gandi et al. [Gandi et al., 2019].  
 
Figure 7.5 Evolution of cohesion with curing time for the mixture with 2% hydrated lime 
active filler content.  
This estimate for the material mechanical properties evolution with time, allowed the model to 
adjust elastic modulus and cohesion values each time on the basis of which day after 
construction was going to be simulated. In addition, knowing the variation of those two 
properties with temperature at all stages, permitted to always recalibrate mechanical properties 
in each node of the finite element model with respect to the specific temperature at each depth. 
7.2.4 Elastic-Perfectly Plastic model used for simulations 
The model that was used for the simulations is an elastic-perfectly plastic two-dimensional 
axisymmetric multilayer model developed by the author in a previously published research 
study [Gouveia et al., 2020]. In this model, all the layers were considered fully bonded at the 




response under loading application. All the materials were modeled following the Mohr-
Coulomb theory. In the specific of the BSM mixtures, a study was conducted by the author to 
verify the suitability of the material to be modeled following the aforementioned theory [Preti 
et al., 2021]. While Mohr-Coulomb failure envelope was utilized to identify plasticity 
occurring in the materials, a flow rule considering a completely smooth flow potential with a 
unique definition of the direction of plastic flow was utilized to describe the accumulation of 
plasticity during plastic flow. 
As mentioned earlier, the only layer which was modeled as a temperature dependent material 
was the BSM layer, all the other layers were considered to be at a constant temperature of 25 
deg. C. A tire applying a pressure of 1 MPa was designed on the surface, representing an axle 
load of 62.8 kN. The duration of loading application was set to be of 0.1 second with a rest 
period of 0.9 second representing a vehicle speed of indicatively 30 km/h.  
7.2.5 Structural solutions considered 
All the structural solutions considered were composed of a BSM layer, a granular base layer 
and subgrade. The three different simulated structural solutions can be seen in Table 7.1, the 








Table 7.1. Structural solutions considered for the simulations.  
Layer  Thin pavement   Reference (TH 30) Thick pavement 
BSM (1% HL and 
2% HL) 
50 mm 75 mm 100 mm 
Granular Base 250 mm 250 mm 250 mm 
Subgrade Semi-infinite Semi-infinite Semi-infinite 
7.3 Results 
All of the results that are shown in this paragraph are in terms of permanent deformation caused 
by the transit of one axle of 62.8 kN on the surface of the BSM layer. It is important to underline 
that the permanent deformation obtained on the surface is a combined effect of all the 
permanent deformations happening in each single layer of the pavement structure. The same 
type of simulation was performed at 1, 3, 5, 7 and 14 days after construction and before HMA 
overlay placement. This was done in order to isolate the response of BSM layer at the different 
curing stages. 






Figure 7.6 Permanent deformation on surface at different curing stages and for different 
structural solutions and different BSM mixtures.  
 
Figure 7.7 Normalized values for permanent deformation on surface.  
It Figure 7.6, it can be noticed how the thickness of BSM layer has an effect on the total 
permanent deformation caused by the loading application on the surface. This might be related 




layers. In fact, granular base layer and subgrade are characterized by lower values of cohesion 
and elastic modulus, which translate in a higher susceptibility to plastic deformation 
accumulation. In addition, it is clear how in most of the simulated scenarios the permanent 
deformation which is obtained at 5, 7 or 14 days on surface is not significantly different. This 
is an outcome which needs to be further investigated since the possibility of an early re-opening 
of a rehabilitated pavement structure to traffic could lead to considerable saving on costs. 
Furthermore, it can be seen how the BSM mixture prepared with 2% hydrated lime content has 
the ability to better resist to permanent deformations with respect to the mixture with 1% 
hydrated lime content.  
7.4 Conclusions 
The main conclusions from the research study are listed below: 
 In most of the scenarios, there is no significant difference in terms of permanent 
deformations on surface in between 7 and 14 days. 
 A thicker BSM structure is able to limit permanent deformation accumulation on the 
surface basing on simulations results. 
 The evolution in rutting potential in terms of permanent deformations does not only 
depend on material properties but also on pavement structure. 
The future plans for this research study are to verify the trend of evolution for both cohesion 
and elastic modulus during curing process with laboratory testing in triaxial configuration. In 




different curing stages needs to be verified with field testing on experimental sections. In terms 
of modeling, it would be interesting to try the effect of using other type of mixtures, for example 
prepared with cement instead of hydrated lime as active filler and also evaluate pavement 





8 Comparative analysis between different pavement analysis 
and design systems 
This chapter focuses on a comparative analysis that was conducted between currently utilized 
software and methods for pavement design and analysis and the newly developed multilayer 
pavement model for pavements with BSM layers. Three different pavement structures have 
been taken into consideration for the analysis and simulations were performed for two different 
locations with different climatic conditions. This was done in order to assess the influence of 
utilizing a plasticity-based model for the calculation of maximum allowable traffic loading 
repetition before rutting failure of pavement structures under different temperature conditions. 
This chapter serves as a direct contribution to objective 5 of this doctorate research. 
8.1 Introduction 
Most currently utilized software and methods for pavement design and analysis do not consider 
plasticity initiation and accumulation in subsurface layers under traffic loading application. 
The multilayer pavement model for pavement evaluation developed in this research study 
(introduced in Chapter 5 and integrated with temperature distribution with depth as described 
in Chapter 7), allows plasticity-based numerical simulations of rehabilitated pavement 
structures to be performed to take into consideration the rutting potential of subsurface layers 
when calculating maximum allowable loading repetitions before failure of the pavement 
structures (as shown in Chapter 6). This portion of the research study represents a comparative 
analysis, in terms of rutting life prediction for rehabilitated pavement structures with the use of 




available and commonly utilized software and methods for pavement design and analysis. 
Three rehabilitated pavement structures with BSM layer and different HMA layer thicknesses 
were taken into consideration for this portion of the research study and two different locations 
were considered in order to evaluate the effect of different climatic conditions on predicted 
rutting life. The locations considered were Boston, MA, representing a colder climate scenario 
and Montgomery, AL, representing a warmer climate scenario. The software and methods that 
were adopted for this portion of the research study and compared to the newly developed 
multilayer model were: AASHTO 93/98 pavement design method, AASHTOWare® Pavement 
ME, Rubicon Toolbox, and MnPAVE Flexible software. 
8.2 Adopted software and methods  
The software and methods that were adopted for the comparative study are introduced below: 
 AASHTO 93/98 pavement design method: this method was selected since it is the most 
known and commonly used design method. In addition, this is the only fully empirical 
method adopted for the comparative analysis. 
 AASHTOWare® Pavement ME: this software was selected for its ability to incorporate 
climatic effects on overall pavement structure response (temperature effects for HMA 
and CIR layers and moisture effects for base, subbase and subgrade layers). Also, this 





 Rubicon Toolbox: this toolbox was adopted for the study since it considers Deviator 
Stress Ratio (DSR) based approach to determine CIR layer potential for shear flow (or 
rutting accumulation). 
 MnPAVE Flexible software: this software was selected since it is based on Layered 
Elastic Solution and has the ability to incorporate seasonal temperature variations in the 
simulations and level of reliability based on Monte Carlo simulation. 
 Multilayer elastic-perfectly plastic (EPP) ABAQUS® model: this is the proposed model 
through this doctoral research for pavement evaluation previously described in this 
dissertation. As mentioned earlier, this is the only method of those selected that has the 
ability to perform plasticity-based numerical simulations of the pavement structures.  
More details about the aforementioned software and methods are provided below. 
8.2.1 AASHTO 93/98 pavement design method 
This method [AASHTO, 1993] allows the user to design the thicknesses of the pavement layers 
using the following inputs: 
 The predicted loading: number of ESALs that the pavement will experience over its 
service life. 
 Reliability: probability that a pavement section designed using the process will perform 
satisfactorily over the traffic and environmental conditions for the design period. 
 Pavement structure: the pavement structure is characterized by the Structural Number 




given combinations of soil support, total traffic expressed in ESALs, terminal 
serviceability and environment. The SN is subsequently converted into actual layer 
thicknesses using a layer coefficient that represents the relative strength of the 
construction materials in that layer. 
 Serviceable life: the difference in present serviceability index (PSI) between 
construction and end-of-life is the serviceability life. 
 Subgrade support: characterized by the subgrade Resilient Modulus. 
This first method was the one utilized to design the three pavement utilized for the comparative 
analysis that will be presented in the following section.  
8.2.2 AASHTOWare® Pavement ME 
Mechanistic-empirical (ME) pavement design utilizes theoretical pavement modelling and 
historical pavement performance data to predict pavement responses to a trial pavement 
structure rather than calculating a required layer thickness.  
This software [AASHTOWare Pavement ME User Manual, 2017] calculates pavement 
responses (stresses, strains, and deflections) based on traffic, climate, and materials parameters 
to predict the progression of key pavement distresses and smoothness loss over time for asphalt 
concrete (AC) and Portland Cement Concrete (PCC) pavements. The mechanistic portion of 




8.2.3 Rubicon Toolbox 
This toolbox is based on the Pavement Number (PN) or South African Mechanistic-Empirical 
Design Method [Theyse et al., 1996; Walker et al., 1977; Asphalt Academy, 2009; Jenkins et 
al., 2020]. This method has been calibrated and validated using structures from Long Term 
Pavement Performance (LTPP) and the TRH4 (Technical Recommendations for Highways) 
and SATCC (Southern Africa Transport and Communications Commission) design catalogues.  
The calculation is based on the Modular Ratio parameter, which represents the ratio of a layer’s 
stiffness relative to the stiffness of the layer below, and maximum allowed stiffness. With those 
two parameters is possible to calculate ELTS (Effective Long Term Stiffness) for each layer. 
At this point, each layer contribution is calculated using the ELTS and layer thickness. The 
addition of each layer contribution gives the Pavement Number (PN) which allows to determine 
the minimum expected structural capacity in standard axles (ESALs) of the pavement for the 
different road categories. 
8.2.4 MnPAVE Flexible software 
MnPAVE Flexible [Tanquist et al., 2002] is a computer program that combines known 
empirical relationships with a representation of the physics and mechanics behind flexible 
pavement behavior. The mechanistic portion of the program relies on the Linear Elastic 
Analysis (LEA) and allows the user to find the tensile strain at the bottom of the asphalt layer, 
the compressive strain at the top of the subgrade, and the maximum principal stress in the 
middle of the aggregate base layer in order to calculate both fatigue and rutting expected life 




MnPAVE Flexible consists of three input modules: climate, structure, and traffic. In addition, 
three different design levels can be considered: basic, intermediate, and advanced. The level is 
selected based on the amount and quality of information known about the material properties 
and traffic data. The outputs include the expected life of the pavement both in terms of fatigue 
and rutting, the damage factor based on Miner's Hypothesis and the level of reliability based 
on Monte Carlo simulation.  
8.2.5 Multilayer elastic-perfectly plastic (EPP) ABAQUS® model 
The multilayer axisymmetric model was used to perform a plasticity-based numerical 
simulation of the pavement structure and obtain vertical strain on top of subgrade under traffic 
loading application. Subsequently, transfer functions with coefficients from MnPAVE Flexible 
software (as shown in Chapter 6) were adopted for the calculation of maximum allowable 
number of loading repetitions before rutting failure of the pavement structures. 
While in the AASHTOWare Pavement ME and MnPAVE Flexible the simulations for the 
different temperature scenarios are performed automatically once the geographical location is 
selected or the mean seasonal temperatures and season durations input, for the EPP model 
different simulations had to be performed and maximum number of allowable loading 
repetitions before rutting failure was calculated for each single season. Subsequently, the final 
number of ESALs controlling pavement rutting life was calculated using weighted arithmetic 
mean of the results obtained for each season and basing on the duration (in terms of days) of 




8.3 Comparison of pavement analysis and design software and methods 
Table 8.1 compares key attributes of all methods and software that were considered for the 
comparative study.  
Table 8.1. Key attributes comparison.  
Software and 
methods 
























































As can be seen from the previous table, AASHTOWare® Pavement ME is the most 




Enhanced Integrated Climatic Model (EICM) [Zapata et al., 2008] and a multitude of locations 
in the United States can be selected for the simulation. Rubicon Toolbox is able to consider a 
wet, moderate or dry condition of the pavement structure, but it does not allow to select 
different locations since the software was specifically developed for South Africa climatic 
conditions. MnPAVE Flexible software is integrated with the ability of considering seasonal 
temperature changes, accordingly calculate the pavement temperature and adjust elastic 
properties of the different materials for the simulations. In addition, material properties are 
varied to reflect freezing and thawing phenomena affecting subsurface layers throughout the 
year. The EPP model instead is integrated with functions able to consider a temperature 
distribution with depth throughout the pavement structure and adjust elastic and strength 
properties for the different materials accordingly (as shown in Chapter 7). The limitation in this 
case is that only one mean air temperature for a specific season can be input before running the 
simulation. Therefore, as mentioned earlier, multiple simulations had to be performed in order 
to represent the different seasons in the year. In addition, freeze-thaw phenomena were 
neglected in those simulations. 
In terms of total number of traffic loading application calculation, AASHTO 93/98 pavement 
design software and Rubicon Toolbox are respectively based on Empirical AASHTO Flexible 
Pavement Structural Design Formula and Stellenbosch BSM Design Function. 
AASHTOWare® Pavement ME and MnPAVE Flexible software instead perform a Linear 
Elastic Analysis (LEA) for the mechanistic portion of the design. The EPP model as mentioned 
earlier, is the only one able to consider strength properties for the subsurface materials and 




The only two software able to provide information specifically on the CIR layer response to 
traffic loading application are Rubicon Toolbox and the EPP model. The first one involves in 
the calculation the Deviator Stress Ratio (DSR) for the material, which is defined as the ratio 
of the actual applied deviator stress to the maximum or failure deviator stress, and it is 
expressed as a percentage (previously described in Chapter 6). The Deviator Stress Ratio is a 
critical performance parameter in defining the rate of permanent deformation of granular or 
BSM materials.  
The EPP model instead is able to isolate CIR response and quantify the vertical permanent 
(plastic) strains generated in the pavement layer by a single traffic loading application on the 
surface as can be seen in the example shown in Figure 8.1. 
 
 




8.4 Climate information, pavement structures, material and input properties 
Seasonal mean air temperatures where then obtained [NOAA] for two locations, one in a colder 
region of United States (Boston, MA) and another one with a warmer climate (Montgomery, 
AL), as it is shown in Table 8.2. 
Table 8.2. Seasonal average temperatures for the two selected locations.  












Fall 90 10 60 25.5 
Winter 90 -3 90 14.5 
Early Spring 30 2 30 15.5 
Late Spring 60 10.5 60 24 
Summer 95 20 125 32.5 
 
In Table 8.3, the mechanical properties adopted for the calculations and numerical simulations 
are shown. The properties shown in Table 8.3 are at the reference temperature of 25°C. 
Therefore, in the software and methods that do consider seasonal temperature variation, the 
properties were varied in order to reflect the actual temperature condition of the pavement 
materials in each scenario. In addition, the strength properties shown in Table 8.3 were only 
utilized in the elastic-perfectly plastic model since it is the only one requiring those in order to 




Table 8.3. Material mechanical properties.  











HMA 2000 0.35 N/A N/A 
BSM 600 0.4 0.2 30 
BASE 200 0.4 0.042 40 
SUBGRADE 77 0.45 0.015 24 
 
The inputs used for calculation in AASHTO 93/98 design method can be found in Table 8.4, 
the input parameters used in Rubicon Toolbox can be found in Table 8.5 and the ones for 
AASHTOWare® Pavement ME are shown in Table 8.6. For MnPAVE Flexible software and 
elastic-perfectly plastic model, all of the input parameters are included already in previous 
Table 8.2 for the climatic conditions and in Table 8.3 for the material properties. 
The threshold to define failure for rutting in Pavement ME is reaching 19.05 mm rut depth on 
the pavement surface while in Rubicon Toolbox depends on the roadway category that is being 
designed as sown in Table 8.6. In MnPAVE Flexible software and for the EPP model instead 
transfer functions are used to calculate maximum allowable traffic loading application before 
rutting failure, while AASHTO 93/98 pavement design method does not distinguish between 
rutting and fatigue failure of the pavement and only allows calculating the maximum number 




In Table 8.4, the input used for the calculation in the AASHTO 93/98 pavement design method 
are shown.  
Table 8.4. Additional input parameters AASHTO 93/98 pavement design method.  
Roadway Classification Arterial/Highway 
Design period 20 years 














Table 8.5. Input parameters for AASHTOWare® Pavement ME.  























In addition to the input parameters shown in Table 8.5, AASHTOWare® Pavement ME 
simulation was designed in order to have only vehicles class 6 (Single Unit 3-Axle Trucks) 
transit on the pavement section in order to make it easier to convert the cumulative truck traffic 
loading applications into ESALs for the comparative analysis. 







Table 8.6. Input parameters for Rubicon Toolbox.  
Roadway Category  A (Highway) 
Reliability 95% 
Rut Limit 10 mm 
Climate Dry  
Climate Adjustment Factor 1.0 
 
8.5 Results and discussion 
The three different pavement structures shown in Table 8.7 were designed using AASHTO 
93/98 pavement design method.  
Table 8.7. Pavement structures considered for the comparative analysis.  
Pavement 
Structure ID 








HMA 64 76 102 
BSM 102 102 102 
BASE 203 203 203 





As can be seen from the table, the only variation between the three structures is the thickness 
of the HMA layer. The thickness of the BSM layer was kept constant in all the scenarios since 
102 mm (4 inches) is a typical rehabilitation depth when utilizing CIR technologies. 
Those pavement structures were designed with different design ESALs for the two locations 
(Boston and Montgomery) since Mean Average Annual Temperature (MAAT) from each 
location is considered in order to adjust HMA resilient modulus and calculate the different 
layer coefficients [Richardson et al., 1994]. In other words, the input ESALs was changed in 
order to obtain the same design cross-sections for each location.  
The input parameters and input design ESALs used in AASHTO 93/98 pavement design 
method for the two locations can be seen respectively in Table 8.8 and 8.9. 
Table 8.8. Input design parameters for AASHTO 93/98 pavement design method.  
 Boston, MA Montgomery, AL 
MAAT (°C) 8.8 24.1 
HMA MR (MPa) 4400 2000 
Layer coefficient [a1] 0.44 0.34 
 
Equation 7 was used to calculate the layer coefficient shown in Table 8.8. 









Where 𝑀𝑅  is the resilient modulus of HMA layer, which is different for the two locations 
since it is dependent on the calculated MAAT for the two locations. The variation of resilient 
modulus with temperature (shown in Table 8.8) was obtained based on literature [Hamzah et 
al., 2008]. 
As mentioned earlier, the input design ESALs were varied for the two locations as shown in 
Table 8.9 in order to obtain the same design in terms of HMA layer thickness for the two 
locations. 
Table 8.9. Input ESALs for AASHTO 93/98 pavement design method.  
 Boston, MA Montgomery, AL 
 Design ESALs 
HMA-64 200,000 100,000 
HMA-76 500,000 200,000 
HMA-102 4,000,000 1,000,000 
 
The structures were then analyzed using the other software and methods previously described 
in section 8.2. 
In the following Figure 8.2, Figure 8.3, Figure 8.4 and Figure 8.5 all the obtained results for 
the comparative analysis are presented.  
The results in Figure 8.2 and Figure 8.3 are shown in terms of ESALs before rutting failure of 





Figure 8.2 Results comparison in terms of ESALs for Boston, MA location. 
 











































































It can be seen from Figure 8.2 and 8.3 that Rubicon Toolbox gave same results for both the 
locations. As mentioned earlier, Rubicon Toolbox is specifically designed for South Africa 
climate scenario and does not allow considering temperature variations in the simulation. 
In addition, it can be noticed how Pavement ME, MnPAVE Flexible software and EPP model 
predicted relatively similar ESALs before failure in both locations and for all the pavement 
structures. Specifically, the similarity between MnPAVE Flexible software and EPP model can 
be related to the way the maximum allowable number of ESALs was calculated. In fact, as 
mentioned earlier, the transfer functions used in MnPAVE Flexible software were adopted also 
for the calculation of the ESALs for the EPP model. The only difference between the two 
calculations are the input strains, which for EPP model are larger since plasticity is activated 
in the subsurface layers and consequently a smaller rutting service life is calculated. 
All the results in Figure 8.4 and Figure 8.5 are presented in terms of rutting service life (years) 
before failure of the pavement structures for rutting distress respectively for Boston and 
Montgomery locations. Those results were obtained considering a fixed 20 year design life for 
the AASHTO 93/98 pavement design method for all of the pavement structures in the two 






Figure 8.4 Results comparison in terms of rutting service life for Boston, MA location. 
 
Figure 8.5 Results comparison in terms of rutting service life for Montgomery, AL location. 
It can be observed from Figure 8.4 and Figure 8.5 how all design approaches resulted in similar 












































































MA), while the biggest discrepancies are obtained for the warmer location (Montgomery, AL) 
and especially for the thinner pavement structure.  
The main observations based on the presented results are summarized below: 
 EPP model always predicts the highest strains under traffic loading application with 
respect to LEA-based software (MnPAVE Flexible software and AASHTOWare® 
Pavement ME). This is due to the plasticity activation and strain accumulation in the 
subsurface materials, and results in a shorter rutting service life prediction. 
 The calculated ESALs before rutting failure for the software considering seasonal 
temperature variation are significantly lower for the warmer location.  
 The considered software and methods gave similar results in terms of design life for the 
colder location and thicker pavement structure (HMA-102) while the biggest 
discrepancies were obtained when analyzing thinner structures, especially in the 
warmer location. 
8.6 Summary and conclusions 
In this portion of the research study, three different pavement structure rehabilitated with the 
use of BSM and with different HMA layer thickness and two different locations with different 
climatic conditions were considered for a comparative analysis in terms of predicted rutting 
life. The EPP model developed in this dissertation was compared to currently utilized software 
for pavement design and analysis in order to assess the effect of adopting plasticity-based 
numerical simulations and realistic temperature distribution with depth for rehabilitated 




The main conclusion from this portion of the research study are: 
 AASHTO 93/98 pavement design method and Rubicon Toolbox are respectively the 
most and least conservative methods except for the thicker structure in the cold region. 
 All pavement design and analysis methods and software gave comparable results in 
terms of ESALs before rutting failure for thicker pavement structure (HMA-102) in 
colder regions but show bigger discrepancies for the warmer region and especially for 
the thinner pavement structure (HMA-64). 
 The EPP model developed in this dissertation always predicted the shortest rutting 
service life with respect to LEA-based software.  
 For the software and methods considering temperature variation, the predicted ESALs 
always show a 40% or higher discrepancy when comparing the same pavement 





9 Summary and conclusions  
9.1 Summary 
The main objectives for this dissertation were to verify the suitability and accuracy of triaxial 
testing for the mechanical characterization of BSM mixtures, evaluate the effect of BSM 
composition on material mechanical properties and assess the influence of temperature and 
confining pressure on material mechanical response, collect information on BSM elastic and 
strength behavior in order to adopt a constitutive model for the material to be used in multilayer 
pavement models for pavement evaluation and integrate it with plasticity effect and 
temperature distribution with depth. The conducted research study had also the objectives of 
evaluating the effect of BSM level of curing on plasticity response of overall pavement 
structure before HMA overlay placement and conduct a comparative study in terms of 
pavement evaluation results between the developed multilayer pavement model and current 
software and methods for pavement design and analysis. 
In order to achieve those objectives the following research approach was adopted: mixtures of 
BSM were tested in the laboratory following two characterization methods: Indirect Tensile 
Strength (ITS) and Triaxial Shear Strength (TSS) tests. The triaxial configuration was 
identified as the better suited characterization method in order to identify fundamental elastic 
and strength properties for the material. Subsequently, TSS and Triaxial Resilient Modulus 
(TMR) tests were performed on BSM while subjecting the material different lateral confining 
pressures and different temperatures. This laboratory effort allowed calculating global elastic 




the research was implemented with a computational mechanics portion in order to develop a 
constitutive model for BSM. Initially, a three-dimensional elastic-perfectly plastic model was 
developed for TSS test simulation. The laboratory reaction force-displacement curves form the 
laboratory were matched with the simulations in order to extract local elastic and strength 
constitutive properties for different BSM mixtures. Those calibrated and validated local 
properties were subsequently used as input parameters in elastic-perfectly plastic multilayer 
pavement models for pavement evaluation. At first, the ability of BSM to resist to accumulation 
of permanent deformation under traffic loading application was assessed, especially with 
comparison to traditional granular base layers. This was done comparing the results in terms 
of accumulation of permanent deformation on the pavement surface between structural 
solutions including BSM as base layer and others with only traditional granular base layers. 
Next, results in terms of maximum allowable number of traffic loading repetitions before 
rutting and fatigue failure of the pavement structure were compared between Linear Elastic 
Analysis (LEA) and plasticity-based analysis through the use of the newly developed 
multilayer model. This was done using different constant temperatures throughout the 
pavement structures and also introducing different temperatures for the different layers. With 
this portion, the significant difference in terms of pavement service life calculation caused by 
the introduction of plasticity and layer temperatures was shown. In the last step, functions able 
to consider a realistic temperature distribution with depth in the pavement structure were 
implemented in the model. This was done so that the model could adjust material properties in 
the different location basing on the distance from the pavement surface and reference air 




estimated for BSM on the basis of equations and test results available in the literature. 
Simulation of traffic loading applications were run for the first 14 days before HMA overlay 
application. The trend of accumulation of permanent deformation on the surface at different 
curing stages of the material was shown and different structural solutions compared.  
In conclusion, a comparative analysis between currently utilized software and methods for 
pavement design and analysis and results obtained with the newly developed plasticity-based 
ABAQUS multilayer model, in terms of number of allowable loading repetition before failure 
for rutting, was conducted for different pavement structures and for two different locations, 
one in a warmer area (Montgomery, AL) and one in a colder region (Boston, MA). 
9.2 Objectives 
The principal objectives of this research study were: 
1. Verify that tests in triaxial configuration (Triaxial Shear Strength and Triaxial Resilient 
Modulus tests) are a better suited characterization method for BSM compared to 
Indirect Tensile Strength (ITS) and develop a framework to experimentally characterize 
BSM.  
2. Evaluate the effect of BSM composition (in terms of asphalt stabilizing agent and 
additives) on material mechanical properties and assess the influence of temperature 
and confining pressure on material mechanical response. 
3. Collect information on BSM elastic and strength behavior under different confining 




constitutive model for the material to be used in multilayer pavement models for 
pavement evaluation integrated with plasticity effect and temperature distribution with 
depth. 
4. Evaluate the effect of BSM level of curing on plasticity response of overall pavement 
structure before HMA overlay placement. 
5. Compare pavement evaluation results performed through the use of the developed 
multilayer pavement model and current methods and software for pavement design and 
analysis. 
9.3 Conclusions 
The main conclusions based on the conducted research are listed below: 
 It was verified that triaxial testing (TSS and TMR) is a well suited characterization 
method for BSM since it allows to subject the material to a three-dimensional stress 
state and calculate both elastic and strength properties (fulfills objective 1). 
 It was demonstrated how cohesion for BSMs stabilized with hydrated lime is strongly 
temperature dependent while friction angle depends primarily on aggregates 
interlocking and RAP gradation. In addition, it was shown how confining pressure has 
an effect on material mechanical response under all temperature conditions (fulfills 
objective 2). 
 It was shown how the use of plasticity-based models for partially-bonded materials is 




initiation and flow under different confining pressures and temperature conditions 
(fulfills objectives 2 and 3). 
 Linear elastic and plasticity-based analysis lead to significantly different rutting and 
fatigue life prediction. The calculation of maximum allowable number of loading 
repetitions before failure of the pavement structure based on the plasticity-based 
numerical simulations predicted a shorter service life for all of the pavement structure 
considered in this research study (fulfills objective 3). 
 Temperature variation and distribution with depth in the pavement structure is 
important to be considered and a methodology on how to integrate temperature 
functions in multilayer pavement models for pavement evaluation was proposed 
(fulfills objective 3). 
 BSM mechanical response at different curing stages (based on numerical simulations) 
suggested that the accumulation of permanent deformation under traffic loading 
application is similar between seven and fourteen days after construction (before HMA 
overlay placement) (fulfills objective 4). 
 The rutting potential in the early stage of curing process depends on the pavement 
structure, BSM layer thickness and underlying layer stiffness and not only on material 
mechanical properties (fulfills objective 4). 
 Currently utilized pavement design and analysis software give comparable results in 
terms of ESALs and predicted rutting service life for thicker pavement structures in 




thinner pavement structures when analysing pavement sections rehabilitated with the 
use of BSMs (fulfills objective 5). 
 The calculated ESALs before rutting failure for the software considering seasonal 
temperature variation are significantly lower for warmer locations. In fact, the predicted 
ESALs always show a 40% or higher discrepancy when comparing the same pavement 
structure in the two different locations (fulfills objective 5). 
9.4 Recommendations and possible future extensions  
The main possible future extensions from this research study are listed below: 
 Verify cohesion and elastic modulus trends for BSM mixtures with laboratory TSS and 
TMR tests at different curing stages of the material. 
 Verify the trend of permanent deformation accumulation for BSM with curing time 
with experimental pavement test section. 
 Analyze the effect of temperature on BSM mechanical properties when cement is added 
to the mixture instead of hydrated lime. 
 Integrate the ability of performing a plasticity-based numerical simulation into current 
utilized software for pavement design and analysis. 
 Analyze the behavior of BSM under moving loads through the use of three-dimensional 
dynamic pavement analysis. 




 Explore the possibility of implementing viscoelasticity in BSM constitutive model. 
 Explore using different flow rules to describe plasticity accumulation in BSM. 
 Perform a life cycle cost analysis for rehabilitated pavement on the basis of plasticity-
based numerical simulation results. 
 The framework developed and presented in this research study can be adopted for future 
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